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ABSTRACT 
Phospholipids (PL) have been shown to bind to probiotics and increase their viability. 
However, phospholipids are readily prone to oxidation, which hinders their use in dairy products. 
The objectives of this study were to 1) produce and characterize semisolid soy lecithin (SL): 
stearic acid (SA) oleogels (LOG) and oleogel emulsions (LOGE) and 2) evaluate the viability 
of Lactobacillus acidophilus and Bifidobacterium lactis in the aqueous phase of 
LOGE.  Oleogels were developed with 1 wt% water, and two gelator concentrations (20 wt% 
and 30 wt%) with SL:SA ratios (0:10, 3:7, 5:5, 7:3, 10:0). The same SL:SA proportions were 
used to prepare LOGE with 10 wt% and 20 wt% of water. Small (SAX) and wide (WAX) angle 
x-ray diffraction studies and polarized light microscopy were conducted to determine the nano- 
and microstructure of the samples. The hardness of the samples was analyzed by using a texture 
analyzer and the thermal properties with a differential scanning calorimeter. The results indicate 
that LOG were primarily formed through the entanglement of bundles of reverse worm-like 
micelles of SL. In contrast, LOGE were structured mainly through SA bilayers that interacted in 
a synergistic fashion with the SL reverse micelles network to stabilize the three dimensional 
network. The hardness of the LOG and LOGE increased with an increase in SA; however, in 
samples containing both SL and SA, LOGE were harder than LOG, demonstrating that the 
oleogelators have a synergistic effect.  
 
Accelerated oxidative stability test of the oleogel emulsions were determined through 
measurement of peroxide value (PV) upon 5, 15, 30, and 45 days storage at room temperature 
(25°C). The physical and microstructural characteristics of the LOGE delayed the oxidation rate 
of the systems by preventing interaction between lecithin and other molecules prone to oxidation 
xii 
 
 
and radical species. Probiotics were inoculated into LOGE with 20% solids (5:5 SL: SA) and 
10% water. LOGE were stored at 4°C aerobically, and plate counts were conducted for six weeks 
to determine the viability of the probiotics. The counts were compared to those of three controls: 
canola oil plus water, MRS broth, and MRS broth supplemented with SL. Counts were greater in 
LOGE than canola oil plus water controls.   
 
The novel LOG and LOGE formulated with SA can be used as a more stable alternative 
to SL oleogels, particularly when the objective is to achieve semi-solid characteristics.  With the 
potential of reduced phospholipid oxidation and increased probiotics survival, incorporation of 
LOGE into yogurt shows promise.  
1 
CHAPTER 1.    INTRODUCTION: THESIS FORMATTING 
Thesis Organization 
This thesis is comprised of a literature review and two manuscripts. Manuscript authors 
are members of the Department of Food Science and Human Nutrition at Iowa State University 
and the Department of Food Science at University of Guelph (Ontario, Canada). Dr. Nuria C. 
Acevedo is the corresponding author for the manuscripts. This thesis concludes with a 
conclusion and future work to be completed.  
Literature Review 
Importance of Probiotics in Human Health 
The World Health Organization has defined probiotics as “live microorganisms that, 
when administered in adequate amounts, confer a health benefit on the host” (FAO/WHO 2002). 
Even before the official name was penned, probiotic foods had been consumed for thousands of 
years. In the beginning of the 20th Century, Elie Metchinkoff attributed the longevity of 
Bulgarians to their consumption of fermented milk and the Lactobacilli present in these products 
(Metchinkoff, 1910). Since Metchinkoff’s observation, the health benefits of consuming 
probiotics have been a large area of research. Probiotics have been shown to enhance the 
immune system (Gill et al. 2001, Arunachalam et al. 2000, Lefevre et al. 2015), improve lactose 
utilization (Kolars et al. 1984, Pakdaman, et al. 2016), stabilize the gut mucosal barrier 
(Saliminen et al. 1996, Nebot-Vivinus et al. 2014), and prevent diarrheal diseases (Arvola et al. 
1999, Szajewska et al. 2001, Hickson et al. 2007, Lee et al. 2015), colon cancer (Reddy 1998, 
Gamallat et al. 2016), and upper gastrointestinal tract diseases (Lambert and Hull 1996, Wang et 
al. 2015). Generally, probiotics are from the Lactobacillus or Bifidobacterium genera, and are 
gram positive, non-spore forming cocci or rods.  However, there are some exceptions, including 
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Escherichia coli nissle (Blum et al. 1995).  In order to provide health benefits, probiotics must be 
able to survive transit through the digestive system to colonize the gastrointestinal tract. Collins 
et al. (1998) developed a comprehensive list of properties that comprise a “good” probiotic 
strain, that is, a probiotic strain that exhibits beneficial health effects. These properties include 
that the probiotic must be of human origin to adhere and colonize the gastrointestinal tract, 
generally recognized as safe (GRAS), non-pathogenic, tolerated by the host immune system, 
non-inflammatory promoting, and anti-mutagenic (Collins et al. 1998). Probiotics must be acid 
tolerant, resistant to bile salts and degradation by digestive enzymes (Kailasapathy and Chin, 
2000). In addition, probiotics must be able to survive in anaerobic environments (Kailasapathy 
and Chin, 2000).  
Survival of Probiotics in Yogurt 
The most common vehicle for the consumption of probiotics is yogurt. There is not a 
generally agreed upon amount of probiotics that must be present in a given yogurt. However, to 
receive the National Yogurt Association’s Live and Active Cultures seal, yogurt must have 108 
CFU/g of probiotics at the time of manufacture (“Live & Active Culture Yogurt” 2006). Rybka 
and Kailasapathy (1995) recommended consumption 100g per day of yogurt containing at least 
106 CFU/mL of probiotics.  
There are several factors that contribute to the loss of viability of probiotic organisms 
within yogurt. Yogurt is produced through the fermentation of two organisms: Streptococcus 
salivarius thermophilus (S. thermophilus) and Lactobacillus delbrueckii bulgaricus (L. 
bulgaricus).  These two microoganisms are required for production of yogurt (CFR 21 131.200 
2017).  Probiotic microorganisms, including but not limited to Lactobacillus acidophilus (L. 
acidophilus) and Bifidobacterium animalis lactis (B. lactis) may also be added.  Interactions 
among these organisms, including by-products of each, may be promontory or inhibitory. L. 
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bulgaricus produces hydrogen peroxide, which is detrimental to the survival of L. acidophilus 
(Lourens-Hattingh and Viljoen 2001). High amounts of L. bulgaricus have been associated with 
lower levels of L. acidophilus. L. bulgaricus has also been shown to result in the “over-
acidification” of yogurt during storage at refrigeration temperatures (Lourens-Hattingh and 
Viljoen 2001). Typically, the pH of yogurt is between 3.7 and 4.3, but in over-acidification, the 
pH may fall to as low as 3.6 (Lourens-Hattingh and Viljoen 2001). The tolerance of acidity is 
strain-specific, and low pH may contribute to a loss in viability of probiotic organisms. 
Generally, B. lactis is considered less acid tolerant than L. acidophilus, as a pH below 4.6 can 
inhibit its growth (Tripathi and Giri, 2014). The presence of dissolved oxygen can also limit the 
growth of probiotics, especially B. lactis. All species of Bifidobacterium are anaerobic, therefore 
oxygen that may have entered the yogurt during manufacture or penetrated through the 
packaging can result in decreased survival of B. lactis. Since S. thermophilus is an oxygen 
scavenger, it decreases the presence of oxygen within yogurt, and therefore increases the 
viability of B. lactis.  
The temperature of fermentation also impacts the level of probiotics. Yogurt is typically 
fermented at 43°C, which is the optimal temperature for growth of L. bulgaricus and S. 
thermophilus, however it is much higher than the optimal growth temperature of 37°C for B. 
lactis. The fermentation temperature may limit the growth of B. lactis during fermentation 
(Lourens-Hattingh and Viljoen 2001). 
One of the determinants of the shelf-life of yogurt is the survival of the probiotics. Due to 
the characteristics of the yogurt environment previously discussed, there are concerns about the 
viability of probiotics in yogurt throughout the shelf life in commercial yogurt (Kailasapathy and 
Chin, 2000). An assessment of 58 commercial yogurts obtained from North Carolina grocery 
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stores revealed that only 76% contained viable cultures (Ibrahim and Carr 2006). In a study 
involving bio-yogurt from South Africa, only half of the samples contained more than 106 
CFU/mL of L. acidophilus by the expiration date, and all samples contained lower than 106 
CFU/mL of Bifidobacterium species at the time of manufacture (Lourens-Hattignh and Viljoen). 
With a criteria of 106 CFU/mL at the end of shelf life set forth by Rybka and Kailasapathy 
(1995), none of the bio-yogurts with Bifidobacterium species and only half of the bio-yogurts 
with of L. acidophilus met the criteria. Shah et al. (2000) studied 26 commercial fermented milk 
products and found that all samples containing L. acidophilus as the sole probiotic had decreased 
to levels below 106 CFU/g by the expiration date. In products containing both L. acidophilus and 
Bifidobacterium species, 75% had levels of L. acidophilus below 106 CFU/g and 94% had levels 
of Bifidobacterium species below 106 CFU/g by the end of shelf life (Shah et al. 2000).  
An ideal system for the growth of probiotics within a given food product would shield the 
probiotics from environmental properties that are antagonistic to their growth. To benefit the 
host, an ideal food system would protect probiotics from digestive antagonists such as bile, acid, 
starter cultures, etc. (Lourens-Hattingh and Viljoen 2001). Techniques have been developed to 
enhance the viability of probiotics within a yogurt and through the digestive system, including 
the addition of whey protein concentrate (Antunes et al. 2005, Dave and Shah 1998), 
supplementation with cysteine, acid casein hydrolysate, and tryptone (Dave and Shah 1998) and 
encapsulation of the probiotics (Kailasapathy 2006, Adhikari et al. 2000, Adhikari et al. 2003). 
Successful encapsulation of probiotics has been conducted with polysaccharides such as alginate, 
starch, xanthan gum, kappa carrageenan, and proteins (Chen et al. 2017). Microencapsulation, 
the process of immobilizing a given substance in a polymer matrix, can be conducted through a 
variety of methods, including emulsification, spray drying, and extrusion (Cook et al. 2012). 
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However, few of these techniques have been implemented in commercial yogurt products 
(Burgain et al. 2011). Encapsulation of probiotics can be costly in terms of research and 
development and implementation into the processing line (Rokka and Rantamaki 2010). 
Supplementation of yogurt with whey derivatives and other sources of nitrogen can be costly 
(Granato et al. 2010). Additionally, encapsulation techniques need to be conducted in aseptic and 
anaerobic conditions to ensure the viability of the probiotics (Chen et al. 2017). Deoxygenization 
procedures should be conducted to reduce damage to probiotic cells; however, this is difficult to 
achieve in a large scale food processing facility (Chen et al. 2017). Therefore, it is beneficial to 
explore other methods of enhancing probiotic viability in yogurt.  
Phospholipids in Promoting Probiotic Viability 
Phospholipids are amphiphilic polar lipids that contain a glycerol or sphingosine 
backbone, fatty acids, phosphate group, and a nitrogen compound or sugar. 
Glycerophospholipids are phospholipids containing a glycerol backbone, with two fatty acids 
present at the sn-1 and sn-2 positions. The polar head group of a glycerophospholipid is bound to 
the sn-3 position and determines the type of phospholipid: phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), phosphatidylserine (PS), and phosphatidylinositol (PI). 
Sphingomyelin (SM) is a phospholipid with a sphingosine backbone, commonly found in dairy 
foods. The majority of the lipids present in cow’s milk are triacylglyerides, representing 98% 
(Huppertz 2009). Phospholipids constitute 0.8% of the total lipids in cow’s milk, with the 
majority, 60-65%, present within the milk fat globule membrane (MFGM) (Huppertz 2009.  
It has been established that some probiotics bind to phospholipids that are a major 
component of the MFGM (Huppertz 2009). Lactobacillus reuteri binds to the MFGM through 
interactions with protein on the surface of the bacteria (Brisson et al. 2010). This study also 
demonstrated that hydrophobic strains of bacteria bound more strongly to the MFGM (Brisson et 
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al. 2010). These non-covalently bound, basic proteins that form a structure on the surface of 
probiotic bacteria are known as S-layer proteins (Deepika and Charalampopoulos 2010). S-layer 
proteins on L. acidophilus M92 displayed adhesion properties and were found to bind to mouse 
epithelial cells, thus protecting the probiotic microorganisms (Frece et al. 2004). S-layer proteins 
present on the surface of lactic acid bacteria are basic because of the presence of positively 
charged amino acids, lysine and arginine. These amino acids may bind to the negative portions 
of the phospholipids. Thus, compared to triacylglyerides, phospholipids exhibit greater binding 
affinity due to the presence of negative sections in their molecules. Mixtures of phospholipids 
are more effective at binding than individual phospholipids, as there are synergistic effects 
between the different phospholipids (Cleveland 2011). The hydrophobicity of bacteria also 
contributes to the binding affinity, as strains with higher hydrophobicity have higher binding 
affinity. Thesis work conducted by Cleveland (2011) indicated that L. acidophilus bound to 
phospholipids and showed a preference for phospholipids derived from milk compared to 
phospholipids from other sources.   
Preliminary work conducted in our research group has indicated that L. acidophilus and 
B. lactis exhibit increased growth with the supplementation of MRS broth or yogurt with 
phospholipids. Procream, also known as whey protein phospholipid concentrate, was used to 
prepare yogurt with L. acidophilus and B. lactis. After 6 weeks, it was found that the viability of 
the probiotics was increased in the yogurt with procream compared to control yogurt. However, 
the yogurt with procream exhibited higher degrees of oxidation and undesirable sensory 
attributes (data not published). The findings of the previous work contributed to how and why 
the present work was designed. 
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Oleogelation as a Fat Structuring Technique 
In 2015, the U.S. Food and Drug Administration (FDA) announced that it would revoke 
the statue of GRAS status for partially hydrogenated oils (PHO), otherwise known as trans-fats. 
Traditionally, PHOs were used within the food industry because of the semisolid nature of these 
fats.  However, it has been found that trans-fats pose a serious health risk, as they have been 
linked to the development of cardiovascular disease (Mozaffarian et al. 2006). Therefore, there is 
a growing interest in alternative oil structuring methods.  One such technology is organogelation, 
which is the process of creating an organic liquid immobilized through the formation of a three 
dimensional network. It is important to note that food grade organogels are referred to as 
oleogels, and hereafter oleogels and organogels will be used depending on whether the 
formulation is food grade or not (Marangoni 2011). Gelators self-assemble to structure the oil 
through physical interactions, including hydrogen bonding, pi-pi stacking, electrostatic 
interactions, and van der Waals forces (Vintilouis and Leroux, 2008). Depending on the nature of 
the gelator, organogels can be classified as polymeric or low molecular weight (Co and 
Marangoni, 2012). Organogels can be further categorized as self-assembled systems or 
assembled via crystal particles (Dassanayake et al. 2011). Examples of self-assembled 
organogelators include sorbitan monostearate monoacylglycerols, and phytosterol and oryzanol. 
Examples of crystal particle organogelators include fatty acids, fatty alcohols, and wax esters. 
(Dassanayake et al. 2011).  An important aspect of organogels is their thermoreversibility; they 
can undergo a solid to liquid phase transition multiple times without losing the ability to gel. 
Currently, there is a limited use of organogels within the food industry, because of a lack of food 
grade gelators. For example, 12-hydroxystearic acid has been shown to be an excellent 
organogelator, but it has not been approved for use in food (Marangoni and Garti 2011). Food 
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grade organogelators, such as ceramides, phytosterols and oryzanol, and lecithin are being 
developed (Marangoni and Garti 2011).  
Lecithin Oleogels 
Lecithin, with the addition of small amounts of water, can gel oil. Soy lecithin (SL) is a 
mixture of phospholipids, primarily phosphatidylcholine (PC) and phosphatidyletholamine (PE), 
and is a common emulsifier utilized in the food industry (Bueschelberger et al. 2015). Scartazzini 
and Luisi (1998) were the first to investigate lecithin organogels and described the increase in 
viscosity of the gels with the addition of a critical amount of water. In a non-polar media, lecithin 
self-assembles into spherical reverse micelles (Shchipunov 2001). The addition of a small and 
critical amount of a polar solvent, most often water, induces the uniaxial growth of the micelles 
into cylindrical shapes (Schipunov, 2001). Specifically, the water binds to the hydrophilic 
portion of the SL, forming a bridge between two SL molecules (Mujawar et al. 2014). These 
micelles overlap, forming a three-dimensional network composed of “worm-like” reverse 
micelles (Schipunov, 2001). These worm-like micelles have a radius of 2.0 to 2.5 nm and are 
hundreds to thousands of nanometers in length (Mujawar et al. 2014). A schematic of the 
formation of lecithin oleogels is shown in Figure 1-1 (Bodennec et al. 2016). Bodennec et al. 
(2016) developed oleogels from canola oil with 10 to 30% SL concentrations and 0.3 to 2.8% 
water. Above a critical water concentration of 10%, the gel separates, decreasing the viscosity 
dramatically.  
More complex lecithin oleogels, containing a second molecule or another polar solvent, 
have been developed. Oleogelation of lecithin has been induced with polar solvents other than 
water, including vitamin C (Hashizaki et al. 2012) and alpha-tocopherol (Nikiforidis and 
Scholten 2014). Tamura and Ichikawa (1997) analyzed the effect of lecithin on the formation of 
an oleogel from 12-hydroxystearic acid. In this oleogel, lecithin interfered with the hydrogen 
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bonding of 12-hydroxystearic acid, resulting in a decrease in gel strength. Okuro et al. (2018) 
developed an oleogel with fruit wax and lecithin, and found a synergistic effect on the gel 
strength compared to the oleogels developed with only fruit wax or lecithin. Lecithin acted as a 
crystal habit modifier, affecting both the microstructure and the thermal properties of the oleogel 
(Okuro et al. 2018). Han et al. (2014) studied the effect of lecithin on the gelation of sitosterol in 
high linoleic sunflower oil, and found that sitosterol had a better structuring capacity in the 
presence of lecithin. In lecithin and sorbitan tristearate (STS) oleogels, lecithin acted as a crystal 
habit modifier of STS, resulting in the formation of needle or plate-like crystals, which are more 
effective at building a gel network compared to other crystals (Perentti et al. 2007). These 
authors reported that this oleogel was firmer than a gel composed of either lecithin or STS alone, 
concluding that there was a synergistic effect between the two gelators.  
There are limitations of edible lecithin-based oleogels for use in the food industry. 
Lecithin oleogels are shear sensitive, and ingredients such as water may negatively impact gel 
stability (Bodennec et al. 2016). In general, lecithin oleogels have been classified as weak 
organogels (Vintilouis and Leroux 2008). Therefore, the development of a more stable 
phospholipid-based oleogel would be advantageous for use in the food industry.  
Stearic Acid Oleogels 
Other types of gelators that can form oleogels are fatty acids, specifically stearic acid 
(SA). Daniel and Rajasekharan (2003) found that the concentration of fatty acids required to 
form an oleogel is dependent on the chain length. Higher chain length fatty acids required a 
lower concentration, and fatty acids with a chain length greater than 18 carbons could form an 
oleogel at a concentration as low as 2% (w/w). The authors hypothesized that the mechanism 
was possibly because of the arrangement of the hydrophobic and hydrophilic regions of the fatty 
acids, forming a linear structure, which then organize into a lattice structure.  Sagiri et al. (2015) 
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examined the ability of SA to induce the gelation of sesame and soybean oils. It was discovered 
that the concentration of SA required to gel sesame oil was 16% (w/w); soybean oil was 19% 
(w/w). The mechanism for gelation is through heterogeneous nucleation SA and the one 
dimensional growth of fibers that entangle to form a network. The polar head groups of the SA 
molecules interact through hydrogen bonding, reducing the interfacial tension, and results in the 
formation of stearic acid bilayers (Sagiri et al. 2015).  
Fatty acids are often used in combination with fatty alcohols in the formation of oleogels. 
A synergistic effect has been observed in the oleogelation of SA and stearyl alcohol at a ratio of 
3:7 (SA: stearyl alcohol) (Schaink et al. 2007). Likewise, a synergistic effect, in terms of 
hardness, was detected in oleogels prepared with SA and stearyl alcohol at ratios of 7:3 and 3:7 
(stearyl alcohol: SA), regardless of the type of oil used (Gandolfo et al. 2004). This synergistic 
effect was attributed to the high nucleation rate of the mixed SA and stearyl alcohol system 
(Gandolfo et al. 2004). Blach et al. (2016) clarified that the increase in mechanical strength (i.e., 
synergistic effect) of stearyl alcohol and SA oleogels was not attributable to the crystal 
morphology and size, nor solid fat content, contradicting earlier studies (Gandolfo et al. 2004). 
The authors predicted that the differences in mechanical strength resulted from the increase in 
crystalline mass, and were influenced by the distribution of these crystalline masses (Blach et al. 
2016).  
The crystallization of SA in an oleogel has been modified through the use of additives. In 
the presence of Span 60, SA crystals were altered from plate-like to fibrous mesh-like, and the 
nucleation induction time and secondary crystallization was decreased (Uvanesh et al. 2016). 
When incorporated into a stearic acid based oleogel, Tween 20 promoted the crystallization of 
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SA in the B polymorph, increased the ordered structure of SA and decreased melting temperature 
and enthalpy, as well as firmness (Uvanesh et al. 2016).  
SA oleogels have been developed with β-sitosterol in sunflower oil (Yang et al. 2017). 
Both SA and sitosterol exhibited independent crystallization and were self-organized, as no 
interaction was detected (Yang et al. 2017). An increase in SA concentration increased the oil 
binding capacity, firmness, and melting point of the resulting oleogel (Yang et al. 2017).  
Although it may be counterintuitive to include a saturated fatty acid, SA, as a potential 
organogelator to reduce the use of trans-fats, the Dietary Guidelines Advisory Committee of the 
U.S. declared SA as safe for human consumption in 2014. SA has been found to lower plasma 
cholesterol levels (Bonanome and Grundy, 1988; Grundy 1994). Therefore, a SA oleogel may be 
developed for use in food products without negative health effects.  
Oleogel Emulsions 
Most food products contain a high amount of water; therefore, the development of 
oleogel emulsions that can incorporate water and are stable in a water-based environment is 
critical. Oleogel emulsions are oleogels where both a water and oil phase are present. It has been 
hypothesized that amphiphilic organogelators may be capable of forming stable oleogel 
emulsions, with water droplets immobilized within an organogel (Hughes et al. 2009).  To test 
this hypothesis, Hughes et al. (2009) structured a water in gelled oil emulsion with 12-
hydroxystearic acid, and found that the 12-hydroxystearic acid delayed phase separation. There 
are few studies that have described the successful formation of an oleogel emulsion, and even 
fewer studies specifically analyzed water-in-oil (W/O) organogel emulsions. Sawalha et al. 
(2012) studied the formation of a W/O organogel emulsion with β-sitosterol and γ-oryzanol and 
10% water. The water in the emulsion hindered the formation of tubules that structure β-
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sitosterol and γ-oryzanol organogels, and resulted in organogel emulsions that were softer than 
the organogels (Sawalha et al. 2012). Some W/O organogel emulsions have been developed with 
virgin olive oil and beeswax with 8.7 to 24.2% water (Ogutcu et al. 2015), candelilla wax, 
monoglycerides, and safflower oil with 20% water (Toro-Vazquez et al. 2013), and shellac with 
20% water (Patel et al. 2013). Toro-Vazquez et al. (2013) found that at candelilla wax 
concentrations of 3% (w/w), organogel emulsions were about 80% as hard as the corresponding 
oleogels, which was attributed to the lower amount of solid phase content in the oleogel 
emulsions. Virgin olive oil and beeswax oleogel emulsions were compared to breakfast 
margarine, and it was found that the oleogel emulsions were less firm than the margarine, but 
were just as stable, leading the authors to suggest that the oleogel emulsions could be utilized as 
a margarine or spread (Ogutcu et al. 2015). To date, no study has explored the development of a 
lecithin-based organogel emulsion.  
Oxidative Stability of Lipids and Oleogels 
Lipid oxidation can be detrimental to the quality of a given food product. The oxidation 
of lipids occurs through a radical reaction with three defined steps: initiation, propagation, and 
termination. The initiation of lipid oxidation occurs with the abstraction of a hydrogen atom a 
polyunsaturated fatty acid and the formation of a lipid radical (Coupland and McClements 1996). 
This lipid radical reacts with oxygen to form peroxide, which then extracts another hydrogen 
atom, forming a hydroperoxide (Coupland and McClements 1996). This hydroperoxide 
propagates the reaction and can decompose into secondary products, including aldehydes, 
ketones, acids, and alcohols (St. Angelo 1992). These secondary products detrimentally affect 
the flavor, aroma, nutritional value and may give rise to toxic compounds (Shahidi and Zhong 
2010). Oxidation can be catalyzed via light, heat, enzymes, metals, metalloproteins, and 
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microorganisms (Shahidi and Zhong 2010). Because lipid oxidation can lead to a deterioration in 
food quality, it is important to minimize oxidation.  
There are studies on the use of organogelation as a means of oxidation prevention. For 
instance, it has been shown that organogelation protected hazelnut oil with beeswax and 
monoglyceride (Yilmaz and Ogutcu 2014), olive oil with beeswax and sunflower wax (Yilmaz 
and Oguctu 2014), and pomegranate seed oil with carnauba wax and monoglyceride (Ogutcu and 
Yilmaz 2014) delayed oxidation. The peroxide value of organogels with beeswax and 
monoglyceride did not exceed 1.0 mequiv O2/kg of sample after three months of storage at either 
room temperature or refrigeration temperature (Yilmaz and Ogutcu 2014). The oxidation of olive 
oil organogels solidified with beeswax and sunflower wax did not exceed a peroxide value of 2.0 
mequiv O2/kg when measured for 3 months at 4°C and 20°C (Yilmaz and Ogutcu 2014). These 
peroxide values are all well below 10 mequiv O2/kg, that is considered the threshold for human 
detection of oxidation (Codex Alimentarius 2001, Codex Stan. 33-1981). Oguctcu and Yilmaz 
(2014) reported that monoglyceride organogels were less oxidatively stable than carnauba wax 
organogels. Oleogel emulsions prepared with beeswax and olive oil have also been shown to be 
stable against oxidation up to 90 days at room temperature (Ogutcu et al. 2015).  
Strategies to Protect Probiotics in Potential Food Matrices 
Few studies have analyzed the entrapment of probiotics within an organogel. In one 
study, Lactobacillus reuteri was entrapped within an organogel formulated with 3%, 5%, or 7% 
beeswax, hydrogenated rapeseed oil, and fumed silicon dioxide (Sonesson, 2013). The survival 
of L. reuteri was deemed acceptable after 14 days storage at 37°C, with approximately 108 CFU 
in 0.16 mL (Sonesson, 2013). A patent exists for incorporation of probiotics into fat continuous 
emulsion containing between 10-80 wt% fat and 0.01-10 wt% lecithin, however no studies have 
14 
 
 
evaluated lecithin organogels as a potential protective environment for probiotics (Garbolino and 
Sanders, 2009).  
Overall Goal of this Research 
Oleogelation is a growing technology in alternative oil structuring methods. The 
utilization of food grade oleogelators creates an opportunity for use in food products. Soy 
lecithin is a phospholipid-enriched food-grade oleogelator that has been extensively studied. 
Nevertheless, lecithin-based oleogels have the drawback of showing low gel strength and limited 
incorporation of water, which limits their potential application in food products where it is 
common the use of semi-solid consistency. Furthermore, to date no studies have formulated a 
lecithin-based oleogel emulsion containing different levels of water, which limits the use of 
lecithin oleogels in food products. One such food product that could utilize the protective 
properties of oleogels is yogurt. The probiotics within yogurt are exposed to a number of 
stressors (acid, oxygen, starter cultures, and other factors) that diminish the viability of the 
probiotics. It has been shown that phospholipids can enhance probiotic viability by binding to the 
S-layer proteins on the surface of probiotics. Through the creation of a lecithin oleogel emulsion 
inoculated with probiotics, there is a great potential to enhance the viability of probiotics in a 
cost-effective way. Additionally, the oxidation of the polyunsaturated fatty acids within the 
lecithin molecules could be delayed through oleogelation, thus creating a stable product.  
The objective of the first part of this work was to develop lecithin-based oleogels (LOG) 
and oleogel emulsions (LOGE) with different proportions of SA to enhance the overall stability 
and strength of the systems. The nano- and microstructure of LOG and LOGE were 
characterized through small and wide angle x-ray diffraction and polarized light microscopy. The 
physical and thermal properties were analyzed via differential scanning calorimetry, texture 
analysis, accelerated oil loss, and solid fat content.  
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Part two of this research focused on the study of the protective properties of the LOGE 
developed in part one. A LOGE formulated with 20% (w/w) solids ad 10% (w/w) water and a 
5:5 ratio of SL to SA was inoculated with either L. acidophilus or B. lactis and the viability of 
these probiotics were assessed over six weeks. An additional objective was to determine the 
ability of LOG and LOGE to delay oxidation and stablish a relationship between oxidative 
stability and structural properties of the systems.   
 
References 
1. Lipid Oxidation in Food, 1992. 
2. 2001, Codex Stan. 33-1981. 
3. Guidelines for the Evaluation of Probiotics in 
Food, Food and Agriculture Organization of the United Nations 
World Health Organization London, Ontario, Canada, 2002. 
4. Live & Active Culture Yogurt, http://www.aboutyogurt.com/live-culture). 
5. K. Adhikari, A. Mustapha and I. U. Grun, Journal of Food Science, 2003, 68, 275-280. 
6. K. Adhikari, A. Mustapha, I. U. Grun and L. Fernando, Journal of Dairy Science, 2000, 83, 
1946-1951. 
7. A. E. C. Antunes, T. F. Cazetto and H. M. A. Bolini, International Journal of Dairy 
Technology, 2005 
 58, 169–173. 
8. K. Arunachalam, H. Gill and R. Chandra, European Journal of Clinical Nutrition, 2000, 54, 
263-267. 
9. T. Arvola, K. Laiho, S. Torkkeli, H. Mykkanen, S. Salminen, L. Maunula and E. 
Isolauri, Pediatrics, 1999, 104, 64. 
10. C. Blach, A. J. Gravelle, F. Peyronel, J. Weiss, S. Barbut and A. G. Marangoni, Royal 
Society of Chemistry Advances, 2016, 6, 81151 – 81163. 
11. G. Blum, J. Hacker and R. Marre, Infection, 1995, 23, 234–236. 
16 
 
 
12. M. Bodennec, Q. Guo and D. Rousseau, Royal Society of Chemistry Advances, 2016, 6, 
47373 – 47381. 
13. A. Bonanome and S. M. Grundy, The New England Journal of Medicine, 1988, 318, 1244-
1248. 
14. G. Brisson, H. F. Payken, J. P. Sharpe and R. Jimenez-Flores, Journal of Agricultural and 
Food Chemistry, 2010, 58, 5612–5619. 
15. H.-G. Bueschelberger, S. Tirok, I. Stoffels and A. Schoeppe, Emulsifiers in Food 
Technology, 2015. 
16. J. C. Burgain, M. Gaiani and L. J. Scher, Journal of Food Engineering, 2011, 104, 467-483. 
17. J. Chen, Q. Wang, C.-M. Liu and J. Gong, Critical Reviews in Food Science and Nutrition, 
2017, 57, 1228-1238. 
18. M. A. Cleveland, MS in Agriculture - Dairy Products Technology, California Polytechnic 
State University - San Luis Obispo, 2011. 
19. J. K. Collins, G. Thornton and G. O. Sullivan, International Dairy Journal, 1998, 8, 487-490. 
20. M. T. Cook, G. Tzortzis, D. Charalampopoulos and V. V. Khutoryanskiy, Journal of 
Controlled Release, 2012, 162, 56-67. 
21. J. N. Coupland and J. D. McClements, Trends in Food Science and Technology, 1996, 7, 83-
91. 
22. J. Daniel and R. Rajasekharan, Journal of the American Oil Chemists' Society, 2003, 80, 
417–421. 
23. L. S. K. Dassanayake, D. R. Kodali and S. Ueno, Current Opinion in Colloid & Interface 
Science, 2011, 16, 432-439. 
24. R. I. Dave and N. P. Shah, Journal of Dairy Science, 1998, 81, 2804-2816. 
25. G. Deepika and D. Charalampopoulos, Advances in Applied Microbiology, 2010, 7, 127-152. 
26. J. Frece, B. Kos, I. K. Svetec, Z. Zgaga, V. Mrša and J. Šušković, Journal of Applied 
Microbiology, 2004, 98, 285-292. 
27. Y. Gamallat, A. Meyiah, E. D. Kuugbee, A. M. Hago, G. Chiwala, A. Awadasseid, D. 
Bamba, X. Zhang, X. Shang, F. Luo and Y. Xin, Biomedicine & Pharmacotherapy, 
2016, 83, 536-541. 
17 
 
 
28. F. G. Gandolfo, A. Bot and E. Flöter, Journal of the American Oil Chemists' Society, 
2004, 81, 1-6. 
29. U.S. Pat., 2009. 
30. H. Gill, K. Rutherfurd, M. Cross and P. Gopal, The American Journal of Clinical Nutrition, 
2001, 74, 833-839. 
31. D. Granato, G. F. Branco, A. G. Cruz, J. de Assis Fonseca Faria and N. P. 
Shah, Comprehensive Reviews in Food Science and Food Safety, 2010, 9, 455-470. 
32. S. M. Grundy, The American Journal of Clinical Nutrition, 1994, 60, 986S–990S. 
33. L. Han, L. Li, B. Li, L. Zhao, G.-g. Liu, X. Liu and X. Wang, Journal of the American Oil 
Chemists' Society, 2014, 91, 1783–1792. 
34. K. Hashizaki, N. Watanabe, M. Imai, H. Taguchi and Y. Saito, Chemistry Letters, 2012, 41, 
427-442. 
35. M. Hickson, A. L. D'Souza, N. Muthu, T. R. Rogers, S. Want, C. Rajkumar and C. J. 
Bulpitt, The BMJ, 2007, 335, 80. 
36. N. E. Hughes, A. G. Marangoni, A. J. Wright, M. A. Rogers and J. W. E. Rush, Trends in 
Food Science & Technology, 2009, 20, 470-480. 
37. T. Huppertz, A. L. Kelly and P. F. Fox, in Dairy Fats and Related Products, , ed. A. Y. 
Tamime, 2009, ch. Chapter 1. 
38. S. A. Ibrahim and J. P. Carr, International Journal of Dairy Technology, 2006, 59, 272-277. 
39. K. Kailasapathy and J. Chin, Immunology & Cell Biology, 2000, 78, 80-88. 
40. K. Kailasapathy, LWT- Food Science and Technology, 2006, 39, 1221-1227. 
41. J. Kolars, M. Levitt, M. Aouji and D. Savaiano, The New England Journal of Medicine, 
1984, 310, 1-3. 
42. J. Lambert and R. Hull, Asia Pacific Journal of Clinical Nutrition, 1996, 5, 31-35. 
43. D. K. Lee, J. E. Park, M. J. Kim, J. G. Seo, J. H. Lee and N. J. Ha, Clinics and Research in 
Hepatology and Gastroenterology, 2015, 39, 237-244. 
44. M. Lefevre, S. M. Racedo, G. Repert, B. Housez, M. Cazaubiel, C. Maudet, P. Justen, P. 
Marteau and M. C. Uradaci, Immunity & Ageing, 2015, 12. 
45. A. Lourens-Hattingh and B. C. Viljoen, Journal, 2001, 11, 1-17. 
18 
 
 
46. A. G. Marangoni and N. Garti, Edible Oleogels: Structure and Health Implications, Elsevier 
Inc., 2011. 
47. E. Metchnikoff and P. C. Mitchell, The prolongation of life; optimistic studies, G.P. Putnam's 
sons, New York, London, 1910. 
48. D. Mozaffarian, M. B. Katan, A. Ascherio, M. J. Stampfer and W. C. Willett, New England 
Journal of Medicine, 2006, 354, 1601-1613. 
49. N. K. Mujawar, S. L. Ghatage and V. C. Yeligar, International Journal of Pharmaceutical, 
Chemical and Biological Sciences, 2014, 4, 758-773. 
50. M. Nebot-Vivinus, C. Harkat, H. Bzioueche, C. Cartier, R. Plichon-Dainese, L. Moussa, H. 
Eutamene, D. Pishvaie, S. Holowacz, C. Seyrig, T. Piche and V. Theodorou, World 
Journal of Gastroenterology, 2014, 20, 6832–6843. 
51. C. V. Nikiforidis and E. Scholten, Royal Society of Chemistry Advances, 2014, 4, 2466-2473. 
52. M. Öğütcü and N. Y. Arifoğlu, Emin, Journal of the American Oil Chemists' Society, 
2015, 92, 459–471. 
53. M. Öǧütcü and E. Yılmaz, Grasas y Aceites, 2014, 65. 
54. M. N. Pakdaman, J. K. Udani, J. P. Molina and M. Shahani, Nutrition Journal, 2016, 15. 
55. A. R. Patel, D. Scatteman, W. H. De Vos, A. Lesaffer and K. Dewettinck, Journal, 
2013, 411, 114-121. 
56. M. Pernetti, K. van Malssen, D. Kalnin and E. Floter, Food Hydrocolloids, 2007, 21, 855-
861. 
57. S. Reddy, The British Journal of Nutrition. 1998, 80, S219-223. 
58. S. Rokka and P. Rantamaki, European Food Research and Technology, 2010, 231, 1-12. 
59. S. Rybka and K. Kailasapathy, Australian Journal of Dairy Technology, 1995, 50, 51. 
60. S. S. Sagiri, V. K. Singh, K. Pal, I. Banerjee and P. Basak, Materials Science and 
Engineering C, 2015, 48, 688-699. 
61. S. Salminen, E. Isolauri and E. Salminen, Antonie Van Leeuwenhoek, 1996, 70, 347-358. 
62. H. Sawalha, R. den Adel, P. Venema, A. Bot, E. Floter and E. van der Linden, Journal of 
Agricultural and Food Chemistry, 2012, 60, 3462–3470. 
63. R. Scartazzini and P. L. Luisi, Journal of Physical Chemistry, 1988, 92, 829–833. 
19 
 
 
64. H. M. Schaink, K. F. van Malssen, S. Morgado-Alves, D. Kalnin and E. van der 
Linden, Food Research International, 2007, 40, 1185-1193. 
65. N. P. Shah, J. F. Ali, R. R. Ravula, p. p. m. p. p. p. 0.0px and f. p. Times}, Bioscience 
Microflora, 2000, 19, 35-39. 
66. F. Shahidi and Y. Zhong, Chemical Society Reviews, 2010, 39, 4067-4079. 
67. Y. A. Shchipunov, Colloids and Surfaces A: Physicochemical and Engineering Aspects, 
2001, 183-185, 541-554. 
68. M. Shima, Y. Morita, M. Yamashita and S. Adachi, Food Hydrocolloids, 2006, 20, 1164-
1169. 
69. E. Sonesson, Linnaeus University, 2013. 
70. H. Szajewska, M. Kotowska, J. Mrukowicz, M. Armanska and W. Mikolajczyk, The Journal 
of Pediatrics, 2001, 138, 361-365. 
71. T. Tamura and M. Ichikawa, Journal of the American Oil Chemists' Society, 1997, 74. 
72. J. F. Toro-Vazquez, J. Morales-Rueda, A. Torres-Martinez, M. A. Charo-Alonso, V. A. 
Mallia and R. G. Weiss, Journal, 2013, 29, 7642–7654. 
73. M. K. Tripathi and S. K. Giri, Journal of Functional Foods, 2014, 0, 225-241. 
74. K. Uvanesh, S. S. Sagiri, I. Banerjee, H. Shaikh, K. Paramanik, A. Anis and K. Pal, Journal 
of the American Oil Chemists' Society, 2016, 93, 711-719. 
75. K. Uvanesh, S. S. Sagiri, K. Senthilguru, K. Pramanik, I. Banerjee, A. Anis, S. M. Al-
Zahrani and K. Pal, Journal of Food Science, 2016, 81, E380-E387. 
76. A. Vintiloiu and J.-C. Leroux, Journal of Controlled Release, 2008, 125, 179-192. 
77. X. Wang, Z. Li, Z. Xu, Z. Wang and J. Feng, International Journal of Colorectal Disease, 
2015, 30, 105–110. 
78. L. A. Wolfe, Master of Science, Pennsylvania State University. 
79. S. Yang, G. Li, A. S. M. Saleh, H. Yang, N. Wang, P. Wang, X. Yue and Z. Xiao, Journal of 
the American Oil Chemists' Society, 2017, 94, 1153-1164. 
80. E. Yılmaz and M. Öğütcü, Journal of Food Science, 2014, 79, E1732-E1738. 
81. E. Yılmaz and M. Öğütcü, Journal of the American Oil Chemists' Society, 2014, 91, 1007–
1017. 
20 
 
 
 
Figure 1-1 Schematic of Lecithin Oleogels Obtained from Bodennec et al. (2016)  
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Abstract 
The objective of this study was to characterize a novel soy lecithin (SL)-based oleogels 
(LOG) and oleogel emulsions (LOGE) prepared with different proportions of stearic acid (SA). 
Oleogels were developed with 1 wt% of water and two gelator concentrations (20 wt% and 30 
wt%) with SL:SA ratios of 0:10, 3:7, 5:5, 7:3, 10:0. The same SL:SA proportions were used to 
prepare LOGE with 10 wt% and 20 wt% of water. Small (SAX) and wide (WAX) angle x-ray 
diffraction studies and polarized light microscopy were conducted to determine the nano- and 
microstructure of the samples. The hardness of the samples was analyzed with a texture analyzer 
and the thermal properties with a differential scanning calorimeter. The results indicate that LOG 
were primarily formed through the entanglement of bundles of reverse worm-like micelles of SL; 
however, LOGE were structured mainly through SA crystals that interacted in a synergistic 
fashion with the SL reverse micelles network to stabilize the three dimensional network. The 
hardness of the LOG and LOGE increased with an increase in SA; however, in samples 
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containing both SL and SA, LOGE were harder than LOG, demonstrating that the oleogelators 
have a synergistic effect. The novel LOG and LOGE formulated with SA can be used as a more 
stable alternative to SL oleogels particularly when the objective is to achieve semi-solid 
characteristics. 
Key Words: Oleogels, Lecithin, Stearic Acid, Emulsion 
 
Abbreviations: 
SL: Soy Lecithin 
SA: Stearic Acid 
LOG: Oleogel 
LOGE: Oleogel Emulsion 
FDA: U.S. Food and Drug Administration 
PHO: Partially Hydrogenated Oils 
GRAS: Generally Recognized As Safe 
STS: Sorbitan Tristearate 
DSC: Differential Scanning Calorimetry 
SAXD: Short Angle X-ray Diffraction 
WAXD: Wide Angle X-ray Diffraction 
PLM: Polarized Light Microscopy 
AOL: Accelerated Oil Loss 
SFC: Solid Fat Content 
Introduction 
The U.S. Food and Drug Administration (FDA) will remove partially hydrogenated oils 
(PHO) from the Generally Recognized as Safe (GRAS) list. Previously, PHOs have been used by 
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the food industry because of the excellent functionality of these fats. However, PHOs contain 
trans fatty acids, which pose a serious health risk (Mozaffarian et al. 2006). Therefore, there is 
growing interest in oil structuring alternatives. A promising technology is organogelation in 
which an organic liquid is immobilized via the formation of a three-dimensional network. 
Gelators self-assemble to structure the oil via physical interactions, including hydrogen bonding, 
pi−pi stacking, electrostatic interactions, and van der Waals forces (Vintilouis and Leroux, 2008). 
Organogels are often classified as polymeric or low molecular weight, depending on the nature 
of the gelator (Co and Marangoni, 2012). An important property of organogels is their 
thermoreversibility, as they are not structured through the formation of covalent bonds. Their 
thermoreversibility contributes to the versatility of organogels and their potential uses. Currently, 
there is a limited use of organogels within the food industry because of the lack of food grade 
gelators (Marangoni and Garti 2011).  
It has been established that soy lecithin (SL), with the addition of small amounts of water, 
can gel oil (Schipunov 2001). SL is a mixture of phospholipids, primarily phosphatidylcholine 
and phosphatidyletholamine, and is a common emulsifier utilized in the food industry 
(Bueschelberger et al. 2015). It is important to note that food grade organogels are referred to as 
oleogels and, because SL is a food grade material, the term “oleogel” will be primarily used in 
this work (Marangoni 2011). Scartazzini and Luisi (1998) were the first to investigate SL 
oleogels. These authors described the increase in viscosity of the gels with the addition of a 
critical amount of water. In a non-polar media, SL self assembles into reverse micelles 
(Schipunov 2001). The addition of a small and critical amount of a polar solvent, most often 
water, induces the uniaxial growth of the micelles into cylindrical “worm-like” reverse micelles 
bundled into fibers (Schipunov, 2001).  
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Bodennec et al. (2016) developed oleogels from canola oil with 10 -30 wt% SL 
concentrations and 0.3-2.8 wt% water. With a SL concentration of 15 wt%, above a critical water 
concentration of 2 wt%, the gel separated into a two-phase system.   
More complex SL oleogels, containing a second molecule or another polar solvent, have 
been developed. Oleogelation of lecithin has been induced with polar solvents other than water, 
including vitamin C (Hashizaki et al. 2012) and alpha tocopherol (Nikiforidis and Scholten 
2014). Ascorbic acid induced the formation from reverse spherical micelles to worm-like 
micelles by binding to the phosphate groups of SL, widening the gaps between the SL molecules 
and decreasing the interface curvature (Hashizaki et al. 2012). Tamura and Ichikawa (1997) 
analyzed the effect of lecithin on the formation of an oleogel from 12-hydroxystearic acid. In this 
oleogel, lecithin interfered with the hydrogen bonding of 12-hydroxystearic acid, resulting in a 
decrease in gel strength. Han et al. 2014 studied the effect of lecithin on the gelation of sitosterol 
in high linoleic sunflower oil, and found that sitosterol had a better structuring capacity in the 
presence of lecithin. In lecithin and sorbitan tristearate (STS) oleogels, lecithin acted as a crystal 
habit modifier of STS resulting in the formation of needle or plate-like crystals, which are more 
effective at building a gel network (Perentti et al. 2007). These authors reported that this oleogel 
was firmer than a gel composed of either lecithin or STS alone, concluding that there was a 
synergistic effect between the two gelators.  
Other types of gelators that can form oleogels are fatty acids, such as stearic acid (SA). 
Daniel and Rajasekharan (2003) found that the concentration of fatty acids required to form an 
oleogel is dependent on the chain length. Higher chain length fatty acids required a lower 
concentration, and fatty acids with a chain length greater than 18 carbons could form an oleogel 
with 2 wt% SA. Sagiri et al. 2015 examined the ability of SA to induce the gelation of sesame 
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and soybean oil. He reported that the concentration of SA required to gel sesame oil was 16 wt% 
and 19 wt% for soybean oil. The mechanism for gelation was through heterogeneous nucleation 
of SA and the one-dimensional growth of fibers that entangle to form a network.   
There are limitations of edible SL-based oleogels for use in the food industry. SL 
oleogels are oleogels sensitive to shear and the presence of ingredients, especially a high water 
content, may negatively influence gel stability (Bodennec et al. 2016). Therefore, the 
development of a more stable SL-based oleogel would be advantageous for use in the food 
industry. In this study, a stable SL-based oleogel is achieved through the use of SA. Furthermore, 
a SL-based oleogel emulsion is developed where SL is stabilized in the presence of high 
concentrations of water through the addition of SA.  
The purpose of this study was to develop stable and semi-solid SL-based oleogels and 
oleogel emulsions. SL was used as a gelator in combination with SA at different ratios, while 10 
wt% and 20 wt% water was incorporated to form oleogel emulsions. The structural, thermal, and 
physical properties of the formed systems were characterized by short and wide angle x-ray 
diffraction (SAXD and WAXD respectively), polarized light microscopy (PLM), differential 
scanning calorimetry (DSC), solid fat content (SFC) determination, texture analysis, and 
accelerated oil loss (AOL). 
Materials 
Pure Canola Oil was purchased at a local grocery store. Granular soy lecithin was 
purchased from Acros Organics (Geel, Belgium), and stearic acid (95% FCC, FG) was obtained 
from SAFC (St. Louis, MO, USA). 
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Methods 
Oleogels and oleogel emulsion preparation 
Lecithin-based oleogels (LOG) and oleogel emulsions (LOGE) were prepared using soy 
lecithin (SL) and stearic acid (SA) as gelators. LOG were formulated with 20 wt% and 30 wt% 
oleogelators and with incorporation of 1 wt% water to ensure the formation of worm-like 
structures. LOGE were formulated with 20 wt% and 30 wt% oleogelators, with 10 wt% and 20 
wt% water. The SL:SA ratios used were 0:10, 3:7, 5:5, 7:3, and 10:0.  
Samples were labeled as LOG or LOGE, followed by the percentage of oleogelators (20 
or 30). LOGE included the percentage of water added (10 or 20) immediately after the 
oleogelator proportion. All samples indicated the SL:SA ratio. Table 2-1 shows the LOG and 
LOGE formulations prepared.  
The appropriate amounts of SL and SA were dissolved in canola oil heated to 100°C for 
30 minutes while continuously stirring on a hot plate. Once dissolved, each mixture was placed 
in a water bath at 55°C. Preheated water (55°C) was added once the mixture reached 55°C, and a 
preheated UltraTurrax homogenizer (IKA, Staufen, Germany)  was used to mix the LOG and 
emulsify the LOGE. Each mixture was homogenized at 20,500 rpm. The resulting LOG or 
LOGE were cooled and stored at 4°C for 24 hours before analysis. 
LOGE containing only SL did not form a gel and separated into two layers. These 
samples were not analyzed further.  
Small Angle X-ray Diffraction (SAXD) and Wide Angle X-ray Diffraction (WAXD) 
Small angle x-ray (SAX) and wide angle x-ray diffraction (WAXD) data were collected 
using a Rigaku Multiflex Powder X-Ray diffractometer (Rigakug, Japan). The copper lamp (λ= 
1.54 Å for copper) was set to 40 kV and 44 mA. A 0.57 divergence slit, 0.57 scatter lit, and 0.3 
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mm receiving slit were used. For SAXRD, the samples were scanned from 1 to 4° at a rate of 
0.05°/min. For WAXRD, the samples were scanned from 15 to 30° at a rate of 1°/min. The data 
was analyzed using PeakFit software (Seasolve, Framingham, MA, USA) and MDI’s Jade 6.5 
software (Rigaku, Japan). All samples were run at least in duplicate; average values and standard 
deviations are reported. 
 
Polarized Light Microscopy (PLM) 
Polarized light microscopy (PLM) was used to analyze the microstructure of LOG and 
LOGE. A small drop of each sample was placed onto a preheated microscope slide and glass 
cover. The samples were cooled to 4°C for 24 hours prior to imaging. A PLM microscope 
(Olympus BX53, Olympus Corporation, MA, USA) with CellSens Dimension software 
(Olympus Corporation, MA, USA) were used to image the samples. All samples were prepared 
by triplicates and at least 10 images per sample were obtained and analyzed. 
 
Differential Scanning Calorimeter (DSC) 
A differential scanning calorimeter (DSC; Discovery DSC, TA Instruments, New Castle, 
DE, USA) was used for thermal analysis of the LOG and LOGE. Calibration of the heat capacity 
response was conducted with sapphire, and the calibration of the heat flow was conducted with 
indium. Approximately 5-15 mg of sample was placed in an aluminum pan and hermetically 
sealed, with an empty pan used as a reference. The samples were stored at 4°C until analysis. 
Oleogels were heated from 0°C to 100°C at a rate of 10°C/min, held at 100°C for 10 minutes, 
then cooled from 100°C to -20°C at a rate of 10°C/min. Thermograms were evaluated using 
TRIOS Software (TA Instruments, New Castle, DE, USA). Through this analysis the peak 
melting temperature (Tm), enthalpy of melting (∆Hm), peak crystallization temperature (Tc), and 
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crystallization enthalpy (∆Hc) were determined.  Triplicate samples were run, average values and 
standard deviations are reported. 
 
Solid Fat Content (SFC) 
Freshly prepared samples of LOG and LOGE were poured into NMR tubes and stored for 
24 hours at 4⁰C. Solid fat content (SFC) was measured via low resolution nuclear magnetic 
resonance (NMR) with a Bruker mq20 Minispec spectrometer (Bruker Optics Ltd., Milton, ON, 
Canada). The SFC at 20°C was determined by averaging three replicates of the samples.  
 
Hardness 
The hardness of the LOG and LOGE were measured using a Texture Analyzer TA.XT 
Plus (Texture Technologies, Hamilton, MA, USA) using  a stainless steel 4 mm cylindrical probe 
with the following parameters: pre-test speed 1 mm/s, test speed 3 mm/s, post-test speed 10 
mm/s, distance 10 mm, and force 5 g. Each sample was measured at 4°C. Tests were conducted 
in triplicate and averages and standard deviations are reported.  
 
Accelerated Oil Loss (AOL) determination 
The determination of accelerated oil loss was conducted as a modification of the method 
used employed by Fayaz et al. (2017). Between 0.5 and 1.5 g of each LOG or LOGE was added 
to a pre-weighed Eppendorf tube and stored overnight. The Eppendorf tube was weighed and 
centrifuged at 9,000 x g for 15 minutes. The Eppendorf tubes were drained for 5 minutes and the 
final weight was obtained. The % oil loss was calculated with the following equation: 
% Oil Loss=[(b-a)-(c-a)]b-ax100                                               (1)  
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where a is the weight of the empty Eppendorf tube, b is the weight of the sample in the 
Eppendorf tube, and c is the weight of the drained sample after centrifugation.  
The percent accelerated oil loss was run in triplicate for each oleogel and oleogel 
emulsion at room temperature.   
 
Statistical Analysis 
Statistic analysis was conducted using JMP Pro 13 software (SAS, Cary, NC, USA). 
Statistical differences were determined by one-way ANOVA (p<0.05) using Tukey’s multiple 
comparisons (p<0.05).  
 
Results and Discussion 
All LOG formulations were stable and did not form separate phases, indicating that SL 
and mixtures of SL and SA were efficient oil structuring agents at the concentrations chosen. 
LOGE containing both SL and SA at different ratios were stable oleogels regardless of the 
amount of water added to the formulation. However, LOGE samples without SA broke 
immediately after preparation, showing separation of the individual components, and thus were 
not further analyzed. This is in agreement with previous studies, as mentioned previously, at 
water concentration of 10 wt% lecithin oleogels are not stable (Scartazanini and Luisi 1988). 
Bodennec et al. (2016) found that in SL oleogels a water concentration above 2 wt% resulted in a 
two-phase system, as water precipitated the SL and prevented the formation of an oleogel. The 
presence of excess water in LOGE samples without SA precipitated the SL, preventing gelation 
of oil.  
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X-ray Diffraction 
Small Angle X-ray Diffraction (SAXD) 
The SAXD patterns obtained for LOG and LOGE with 30 wt% oleogelators are shown in 
Figure 2-1 and Table 2-3. The presence of reverse micelles was indicated by a d-spacing of 
48.5±0.1 Å in the LOG 30 10:0 samples (Figure 2-1 B). Because these samples do not contain 
SA, the d-spacing is correlated to the structure of the SL molecules, i.e. the d-spacing observed 
in phospholipid reverse micelles. A single SL molecule has a length of 20 to 28 Å; therefore, a 
reverse micelle consisting of two lecithin molecules could potentially have a length of 40 to 56 Å 
(Nikiforidis and Scholten 2014, Gupta et al. 2001). The obtained results are in agreement with 
previous reports; for instance, Nikiforidis and Scholten (2014) stated that a sunflower oil lecithin 
organogel had a d-spacing of 52 Å, and concluded that this indicated the presence of inverse 
cylindrical micelles or a lamellar phase. Bodennec et al. (2016) stated that the SL organogels had 
a dominant peak between 52 and 53 Å. Gupta et al. (2001) analyzed the structure of phospholipid 
micelles in non-aqueous media through X-ray diffraction and reported a decrease in d-spacings 
with the increase in phospholipids concentration. The authors hypothesized that the phospholipid 
molecular size was between 25 and 30 Å, therefore the observed d-spacings were approximately 
equal to that of a micelle. They concluded that, as the phospholipid concentration increased, the 
amount of available non-polar solvent contained in the micelle core decreased, thus leading to a 
decrease in d-spacings. In addition, Lehtinen et al. (2017) studied the structure of phospholipid 
reverse micelles in vegetable oil, observing d-spacings of 50.5 Å, which is in line with the results 
of this study. 
Formulations with only SA (LOG 30 0:10) had one long spacing peak of 39.4 ±0.10 Å, 
which is similar to the d-spacings of SA-based oleogels in previous studies, where the SA 
molecules are arranged in a double layer (Figure 2-1 B). Schaink et al. (2007) observed a d-
31 
 
 
spacing of 40 Å for sunflower oil oleogels with 5 wt% SA. This d-spacing corresponded to a 
double layer structure of the SA, with a tilt of 55°. Similarly, Blach et al. (2016) found that 5 
wt%, SA in canola oil had d-spacings of 38.4 Å and 41.1 Å. All LOG formulations containing 
SA plus SL at different rations showed SAXD patterns with two sets of long spacings: one set 
ranging from 39.2 ± 0.2 to 39.5 ± 0.1 Å and another set with values from 50.1 ± 0.0 Å to 57.6 ± 
0.3 Å (Figure 2-1 A). Therefore, according to the SAXD patterns, LOG are structured by both; 
SA arranged in double layers with d-spacings of 39.2 ± 0.2 to 39. 5 ± 0.1 Å and SL reverse 
micelles, with d-spacings between 50.1 ± 0.0 Å to 57.6 ± 0.3 Å (Figure 2-1 A). It is possible that 
SA arranges into crystals within the LOG matrix, contributing to the stability of the gel. Another 
interesting observation is that as the concentration of SA increased, the d-spacing value of the SL 
reverse micelle increased. For example, LOG 30 10:0 had a reverse micellar size of 48.5 ± 0.1 Å, 
whereas LOG 7:3 had a reverse micellar size of 50.1 ± 0.2 Å and LOG 3:7 a size of 57.6 ± 0.1 
(Figure 2-1 A, B). LOG exhibited an increase in reverse micellar size with an increase in SA 
concentration, as shown in Figure 2-2 A, which indicates that SA probably interacts with the 
non-polar portion of the SL micelle, widening the diameter and thus changing the micellar size. 
It is theorized that the transition from SL reverse micelles to worm-like micelles is induced 
through the addition of water that forms hydrogen bonds with phosphate groups of SL, which 
reduces the interface curvature of the molecular assemblies (Hashizaki et al. 2009). Hashizaki et 
al. (2009) found that in an oil system consisting of SL and sucrose fatty acid ester, the reverse 
worm-like micellar region increased with an increase in the number of carbons in the fatty acids 
of the sucrose fatty acid ester. The authors attributed this increase to the increase in 
hydrophobicity, which decreased the interfacial curvature (Hashizaki et al. 2009). Based on this 
assessment, it is possible that SA increased the hydrophobicity of the reverse micelles, and thus 
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decreased the interfacial curvature, which led to an increase in micellar size. Another possible 
mechanism is that the polar head group of SA can interact via hydrogen bonds with the polar 
head group of the phospholipids in the reverse micelle, expanding the micelle diameter. Reverse 
micelles were the main structure of all SL-containing oleogels, as the peaks of the reverse 
micelles had the highest intensity in all LOG, independently of the SL:SA ratio (Figure 2-1 A). 
Therefore, in LOG, the entanglement of worm-like reverse micelles-based fibers mainly entraps 
the oil, with SA molecules interacting with the non-polar tails of the SL micelle as well as 
distributed within the oleogel matrix.  
As previously mentioned, LOGE could not be formulated with only SL, as the system 
separated into two phases immediately. These LOGE were not further analyzed.  With the 
addition of SA, independent of the amount of water added, LOGE were stable and did not show 
phase separation for at least 30 days at 4°C. Generally, LOGE samples showed SAXD patterns 
with a minor peak, indicating a d-spacing in the 49.5 Å to 56.0 Å range, representative of LOGE 
containing reverse micelles (Figure 2-1 C, D). SAXD patterns of all LOGE also showed d-
spacings corresponding to SA arranged in double (38.4 Å to 39.3 Å) and single layers (19.5 Å to 
19.9 Å) (Figure 2-1 C, D) These results demonstrate that LOGE are characterized by a mixed 
structure, where both single and double SA layers and reverse micelles coexist.  Most likely, not 
all of the molecules of SA interact with the reverse micelles, but exist in a double layer within 
the oil matrix. 
Opposite to what was observed for LOG, the peak corresponding to the double layer of 
SA had the highest intensity for all LOGE samples regardless the SL:SA ratio and the water 
proportion, indicating that the primary structure of the LOGE was the formation of SA crystals 
(Figure 2-1 C, D). The hypothesized structure of the LOGE oleogels is that the oil is 
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immobilized through the SA crystals, with some SL worm-like reverse micellar fibers present. It 
is possible that the double SA layers could interact with the water droplet via hydrogen bonds, 
thus further stabilizing the emulsion. The structure of LOG and LOGE is present in Figure 2-9.  
Unlike the LOG, the increase in SA led to a decrease in reverse micelle size. This can be 
attributed to the difference in structure between LOG and LOGE. In LOG, the reverse micelle 
fibers are the primary structures, therefore SA may associate more with the reverse micelles, 
rather than the SA crystals, which are still present. With LOGE, the primary structure is the 
formation of the SA crystals, and the majority of the SA molecules may be associated with these 
crystals, rather than with the reverse micelle fibers. Thus, the increase in SA concentration in 
LOGE led to a decrease in reverse micellar size (Figure 2-2 B, C). For example, LOGE with 30 
wt% oleogelators and 20 wt% water with a high amount of SA (LOGE 30:20 3:7) had a d value 
of 49.5 Å, which is relatively close to that of LOG without any SA (LOG 10:0), with a d-value of 
48.5 Å (Figure 2-1 B, D). This indicates that the reverse micelle fibers of LOGE with 30 wt% 
oleogelators and 20 wt% water with a high amount of SA (LOGE 30:20 3:7) have less SA 
incorporated compared to LOGE with lower concentrations of SA.  
Similar results and trends were observed for LOG and LOGE with 20 wt% oleogelators 
(data not shown). 
 
Wide Angle X-ray Diffraction (WAXD) 
WAXD was used to determine the polymorphism of SA within the LOG and LOGE. SA 
has four polymorphic forms: A, B, C, and E. Polymorph A has a triclinic lattice structure, 
whereas polymorphs B, C, and E have monoclinic lattice systems (Uvanesh et al. 2016). The 
most common polymorphs are B and C, where C is the most stable polymorph (Uvanesh et al. 
2016). It has been established that the C polymorph has d-spacings of 4.1 Å and 3.7 Å (Blach et 
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al. 2016).  Figure 2-3 and Table 2-4 shows WAXD patterns obtained for LOG and LOGE with 
30 wt% oleogelators. The d-spacings observed in the formulated LOG correspond with that of 
the C polymorph of SA, with d-spacings of 3.7 ± 0.1 Å and 4.1± 0.1 Å (Figure 2-3 A, B). These 
results suggest that changes in the SL:SA ratio had not impact on the polymorphism of LOG. 
LOG formulated without SA (LOG 30 10:0), did not contain any observable peaks in the WAXD 
pattern indicating that reverse micelles cannot be observed through WAXD, and the obtained 
WAXD patterns are solely because of the presence of SA (Figure 2-3 B) (Pernetti et al. 2007). In 
addition, there was no difference in the patterns between LOG and LOGE, indicating that the 
presence of water did not affect the packing of the molecules and that the C was the polymorph 
present in all the formulations (Figure 2-3 C-E). As expected, the intensity of the short spacing 
peaks increased with the increase of SA in the formulation, indicating that the concentration of 
SA was the primary determinant of the WAXD pattern. Similar patterns were obtained for 
formulations with 20 wt% oleogelators (data not shown).  
 
Polarized Light Microscopy (PLM) 
PLM images of LOG with 30 wt% oleogelators and LOGE with 30 wt% oleogelators and 
10 wt% water are shown in Figures 2-4 and 2-5, respectively. LOG with only SL as the gelator 
(LOG 30 10:0) contained a fibrous structure with fibers formed by the agglomeration of SL 
worm-like inverted micelles into bundles that subsequently undergo branching and overlapping 
and forming the gel network (Figure 2-4 A). The size of these fibers is congruent with that 
described by Bodennec et al. (2016), which reported that the lecithin worm-like micellar fibers 
had a length of 5-50 µm and widths of ~1 µm. LOG samples formulated with SA at different 
ratios contained needle-like crystals (Figure 2-4 B-D). In agreement with the work of Sagiri et 
al.  (2015) in SA based oleogels, the SA crystals appeared as thin fibers that aggregated and 
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displayed continuous branching. The density of the network was primarily dictated by the 
concentration of SA. An increase in SA concentration increased the density of the network, 
which was also observed by Sagiri et al. (2015). Another observation is that as the SL:SA 
decreases, i.e. the concentration of SA increases, the SL-based fibers become less evident, 
probably due to the intensive birefringence of SA crystals that hinder their visualization, 
particularly at 5:5 and 3:7 SL:SA ratios (Figure 2-4 B-E).  
As with LOG, SA can be clearly observed in all LOGE formulations (Figure 2-5). 
However, unlike to LOG, the increase in density of SA crystals was not as obvious in LOGE as 
large SA crystals were present in all samples. This could be attributed to the presence of water 
that affected the structural organization of the system. The water droplets within LOGE ranged 
from 50 to 150 µm in size and, as seen in Figure 2-5 E, are intermixed within the SA crystals. 
This observation confirms the physical stability of the LOGE as they do not separate into two 
immiscible layers (i.e. water and oil). Bodennec et al. (2016) assessed the structure of a SL 
oleogel with 10 wt% water and found no evidence of gelation, as the SL had aggregated into 
large spheres. In this study, phase separation was not detected in LOGE with 10 nor 20wt% 
water, indicating that the SA contributed to the stabilization of the structure and induced 
gelation. Additionally, although the presence of SL reverse micelles was detected in LOGE via 
SAXD analysis (Figure 2-1) they were not easily observable by PLM due to the high 
birefringence of the SA network.  
LOG and LOGE with 20 wt% oleogelators exhibited similar trends to that of LOG and 
LOGE with 30 wt% oleogelators (data not shown). 
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Differential Scanning Calorimetry (DSC) 
Heating and cooling DSC thermograms obtained from LOG and LOGE with 30 wt% 
oleogelators are shown in Figure 2-6. The melting point and enthalpy values are related to the 
stability of LOG matrix (Uvanesh et al. 2016). LOG with 30 wt% oleogelators formulated with 
only SL (LOG 10:0) showed Tm and Tc of 61.48±2.28°C and 55.30±0.02°C, respectively. These 
temperatures are in agreement with previously reported literature on the gel sol transition of 
lecithin-based oleogels (Satapathy et al. 2013; Bodennec et al. 2016).  Samples with only SA 
(LOG 30 0:10) exhibited melting and crystallization events corresponding to SA (Table 2-6). Not 
surprisingly, the observed Tm value (60.86 ±0.29 °C) for this sample was higher than previously 
reported values for oleogels with lower SA concentrations (16-25 wt% SA) (Uvanesh et al. 2016, 
Yang et al. 2017, Blach et al. 2016, Sagiri et al. 2015). As expected, pure SA showed a higher Tm 
(70.34± 0.40°C), in agreement with the literature (Sagiri et al. 2016). Generally, in LOG 
containing both constitutes, SL and SA, only one thermal event can be observed which suggest 
the absence of phase separation between individual components. Nevertheless, the thermal 
behavior was driven by the SA concentration. An increase in the SA proportion translated into an 
increase in  the melting temperature (Tm), crystallization temperature (Tc) and their 
corresponding enthalpies (∆Hm, (∆Hc) (Figure 2-6 A-B; Table 2-6). Another interesting 
observation is the presence of small shoulder at lower temperatures in the melting peak of the 
LOG samples which is absent in samples formulated with only SA. This confirms SL-SA 
interactions in the establishment of the system structure.  
Analogous to LOG, as the concentration of SA increased, Tm and ∆Hm increased for 
LOGE containing 30 wt% oleogelators (Figure 2-6 C, E). Interestingly, LOGE containing both 
SL and SA, exhibited higher melting and crystallization temperatures than the corresponding 
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LOG indicating that LOGE were more stable than their LOG counterparts. For LOGE, the Tm 
was around 25-35% higher and the Tc was 35-50% higher than the corresponding LOG values. 
On the contrary, when only SA was present, the gel emulsions exhibited 20% lower Tm and 16-
18% lower Tc than those of the corresponding LOG (Table 2-6). These differences can be 
attributed to the structural dissimilitude between LOG and LOGE matrices. As shown by XRD 
(Figure 2-1), LOG were structured mainly through a network formed by agglomeration of SL 
reverse worm-like micelles into fibers that subsequently overlap and interconnect, whereas 
LOGE were primarily structured by SA crystals combined with SL reverse worm-like micelles 
based network. On the other hand, the presence of both structures; SA crystals and a reverse 
worm-like micelle based network, led to a significant increase of the thermal parameters in 
LOGE. These results suggest a synergy between both types of assemblies to create a network 
more effective at structuring liquid oil. Similar trends were observed for LOG and LOGE with 
20 wt% oleogelators (Table 2-5).  
 
Solid Fat Content (SFC) 
The solid fat content (SFC) at 20°C of LOG and LOGE containing 20 wt% and 30 wt% 
oleogelators are presented in Table 2-2, SFC values for LOG with 30 wt% oleogelators ranged 
from 13.2 ± 0.33 % (LOG 30 0:10) to 21.3 ± 0.11 % (LOG 20 7:3). Interestingly, these values 
were significantly lower than expected as indicated by the formulation. This suggests that not all 
of the SA and SL were present in the solid state, and were solubilized within the liquid oil phase. 
Samples formulated with only SA had lower SFC than LOG formulated with same amounts of 
only SL, indicating that SA was more soluble than SL, and thus was not detected by NMR as 
solid. Generally, as the SA concentration increased, the SFC decreased for all LOG, regardless of 
the concentration of oleogelators. This trend was also exhibited in LOG with 20 wt% 
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oleogelators with values ranging from 8.21 ± 0.48 % (LOG 20 0:10) to 10.39 ± 0.11 % (LOG 20 
5:5).  
As anticipated, LOGE had significantly lower SFC values than the corresponding LOG. 
This is due to the lower total amount of oleogelators as a result of the higher water concentration 
present in the LOGE formulations. Interestingly, the amount of water impacted the trend of SFC. 
For LOGE with 30 wt% oleogelators, an increased SA content led to an increase in SFC, 
regardless of the concentration of water. This is opposite to the trend observed for LOG, where 
an increase in SA led to a decrease in SFC. These findings are suggestive of an enhanced 
crystallization of perhaps SA originated by the presence of water in the system. Yet, only LOGE 
with 20 wt% oleogelators and 20 wt% water (LOGE 20:20) revealed similar behavior to that of 
LOGE with 30 wt% oleogelators. Since LOGE with 20 wt% oleogelators and 10 wt% water did 
not exhibit an increase in SFC with an increase in SA content, it can be deduced that at lower 
concentration of oleogelators, higher concentrations of water are required to enhance crystallinity 
of SA.  
 
Hardness 
The hardness values found for LOG and LOGE at both levels of oleogelators are depicted 
in Figure 2-7. Samples formulated with only SA were significantly harder than the samples 
containing SL. In fact, in the absence of SL, the amount of total SA had a large impact on the 
hardness of the samples; for instance, increasing the amount of SA from 20 wt% to 30 wt% led 
to a 2.5-fold increase in hardness values of LOG (Figure 2-7 A, B). This effect was not observed 
when only SL was present in the samples, since the hardness values remained similar upon 10 
wt% increase in SL proportion. For LOG mixtures, the increase of SA from 7:3 to 3:7 
significantly increased the hardness irrespective of the wt% of oleogelators (Figure 2-7 A, B). 
39 
 
 
Yang et al. (2017) reported similar results when working with SA and β-sitosterol, as the 
concentration of SA increased, the firmness of the resulting oleogels increased. It is important to 
mention that although LOG formulated with only SL did not flow once inverted, their hardness 
values were close to zero.  
For LOGE containing only SA (LOGE 0:10) the increase of 10 wt% SA led to at least a 
3-fold increase in hardness values (Figure 2-7 C, D). Another interesting observation is that 
regardless the amount of water contained (10 wt% or 20 wt%) LOGE with 30 wt% oleogelators 
(Figure 2-7 D) were found to be harder than the corresponding LOG except in samples were only 
SA was present (Figure 2-7 B). However, this trend was not evident in LOGE with 20 wt% 
oleogelators when compared to LOG. Perhaps, the influence of water incorporation becomes 
more evident at oleogelator concentrations higher than 20 wt% which aligns well with the 
findings of SFC in these samples (Table 2-2). Other studies have found that oleogels are harder 
than the corresponding oleogel emulsions. Bleached rice bran wax organogel emulsions were 1.4 
to 1.9 times less firm than the corresponding organogel (Pandolsook and Kupongsak 2017). 
Similarly, Candelilla wax and monoglyceride organogel emulsions were 80% less hard than the 
corresponding organogel (Toro-Vazquez et al. 2013). However, the previous studies analyze 
different systems with different structuring methods, i.e. the self-assembly of wax is different 
than that of SL in combination with SA and water. The differences in hardness between LOG 
and LOGE in this study can be attributed to differences in their structure. As supported primarily 
by XRD (Figure 2-1) and DSC (Figure 2-6, Tables 2-5 and 2-6), LOG are largely structured 
thorough a SL reverse worm-like micellar system, which are less thermally stable than LOGE. 
LOGE, in turn are structured predominately through SA crystals in combination with the SL 
worm-like entangled gel network that immobilize the oil phase and stabilize the water-in-oil 
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emulsion. The change in structural organization corresponds with an increase in hardness 
confirming the synergistic effect that both assemblies have to stabile the LOGE three-
dimensional network.   
LOGE with SL plus SA followed a similar trend to that of LOG when the SL:SA ration 
changed. As the concentration of SA increased from 7:3 to 3:7, the hardness significantly 
increased as well. For example, LOGE with 30 wt% oleogelators and 10 wt% water exhibited a 
5.3-fold increase when the SL:SA changed from 7:3 to 3:7 (Figure 2-7 D). This trend was 
observed regardless of oleogelator or water concentration.  
The relationship between hardness and SFC was not directly correlated in all 
samples.  The amount of SA was positively correlated to the sample hardness and negatively 
linked to the SFC in LOG and LOGE with 20 wt% oleogelators. For example, the formulation 
with the highest SFC was LOG 30 7:3, as this formula contained the highest amount of SL at 21 
wt%, however it was a soft sample, with a hardness value less than 30 g (Figure 2-7). This 
tendency was reversed for LOGE with high amounts of water (20 wt%) and LOGE with 30 wt% 
oleogelators; the higher the SA proportion the higher the SFC values and strength of the network. 
These findings indicate that the hardness and SFC alone cannot predict the stability of the 
matrices formed. All samples were solid, meaning that they did not flow when inverted, despite 
having relatively low SFC and hardness values.  
 
Accelerated Oil Loss (AOL) 
The measurement of percent accelerated oil loss (AOL) is indicative of the gel 
mechanical and gelled emulsion stability and has been correlated with the strength of an oleogel 
(Blach et al. 2016). The % AOL for LOG and LOGE with 20 wt% and 30 wt% oleogelators are 
shown in Figure 2-8, All samples containing SA showed to have mechanical stability as the 
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centrifugation did not result in the loss of sample’s ability to maintain oil entrapped in its matrix, 
however, samples containing only SL resulted in oiling off. This correlates with the reported 
hardness of the samples, as harder samples (i.e. those containing higher concentrations of SA) 
had lower % AOL, and vice versa. Blach et al. (2016) reported that harder gels exhibited low oil 
loss and therefore were more stable. 
For LOG mixtures, the most unstable SL:SA was 7:3. For example, the % AOL of LOG 
with a SL:SA ratio of 7:3 was 6 times greater than the corresponding sample with a 3:7 SL:SA 
proportion, independently of the amount of oleogelators used in the formulation (Figure 2-8 A 
and B). Very little oil was lost in LOG 3:7 SL:SA samples, with under 10 % of the oil expelled. 
The decrease in % AOL with an increase in SA concentration has been previously reported. 
Yang et al. (2017) analyzed the oil binding capacity of oleogels structured with beta sitosterol 
and SA, and found that as the SA concentration increased, the oil binding capacity increased. 
This increase in stability was attributed to the development of the crystalline phase to create a 
network entrapping oil. In this study, the incorporation of a SA crystalline network contributed to 
physical stability of the fiber-based SL network.  
The % AOL for LOGE formulations ranged from 0.2 ± 0.0 wt% to 22.6 ± 5.4 wt% 
(Figure 2-8 B and C), which suggests that these LOGE were primarily stable. The only exception 
was LOGE with 20 wt% oleogelators and a 3:7 SL:SA proportion which % AOL values were 
44.1 ± 1.8 wt% and 31.7 ± 1.2 wt% when samples were formulated with 10 wt% and 20 wt% 
water respectively. Few studies have analyzed the accelerated oil loss of organogel emulsions 
and reported stable systems. The mechanical stability of virgin olive oil-beeswax oleogel 
emulsions was analyzed by centrifugation, and three of the four emulsions were found to be 
stable (Ogutcu et al. 2015).  The % AOL for all LOGE were lower than those of LOG at 
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equivalent concentrations, indicating greater physical stability achieved in these LOGE. For 
instance, LOGE with 20 wt% oleogelators and 10 wt% water with a 7:3 ratio of SL:SA (LOGE 
20:10 7:3) had a % AOL value 27% lower than the LOG with the same proportion of 
oleogelators (Figure 2-8 A). This difference becomes more evident with the increase in SA 
proportion; an 87% decrease in % AOL was attained when preparing LOGE with 20 wt% 
oleogelators and 10 wt% water with a 3:7 ratio of SL:SA (LOGE 20:10 3:7) compared to the 
equivalent LOG sample. Similar trends can be observed for LOGE formulated with higher 
gelator (30 wt% oleogelators) concentrations (Figure 2-8 D). These results agree with those 
obtained from hardness (Figure 2-7), DSC (Figure 2-6, Tables 2-5 and 2-6), and can be explained 
by the different structures that maintain the network of LOG and LOGE as revealed by SAXD 
(Figure 2-1). As explained in a previous section, the LOG are primarily structured through the 
formation of reverse worm-like micellar fibers that entangle into a network and contain SA 
crystals, whereas LOGE are primarily structured through the SA crystals, with some reverse-
micellar fibers present. The lower % AOL of LOGE can be attributed to the synergistic effect of 
the SA crystals and the reverse micellar fibers. With LOGE, the combination of these two 
structures, with SA crystals being the primary structure, develops a network that is more 
physically stable than in LOG. 
 However, it is worth noting that the increase in the amount of water in LOGE had a 
negative effect on the physical stability of the systems. Irrespective of the concentration of 
oleogelators (20 wt% or 30 wt%), it is possible to observe in Figure 2-8 C and D a significant 
increase in % AOL when LOGE were prepared with high water content (20 wt%). These finding 
are in close agreement to the hardness trends observed for LOGE, for the same % oleogelators, 
the higher the water proportion in the systems, the lower the hardness values obtained (Figure 2-
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7 C-D).  Not surprisingly, this physical destabilization is more important in LOGE formulations 
where the gelator to water ratios reach lower levels as occurs in 20 wt% oleogelators samples.  
 
Conclusion 
In this study, novel oleogel and oleogel emulsions composed of soy lecithin in 
combination with different proportions of SA were described. Through analysis of SAXRD it 
was found that the primary structure of the LOG was the formation of SL fibers formed by 
clustering of worm-like reverse micelles, which overlap to form a network that interacts with SA 
crystals. On the other hand, LOGE showed to be constituted by a different structure than that of 
LOG, as the SA crystals were the primary structurant, with the presence of reverse micellar 
fibers. The addition of SA to LOG and LOGE increased the diameter of the reverse micelles, 
indicating that the SA crystals interact with the non-polar chains of the SL reverse micelle. In 
addition, the single and double SA layers potentially interact with the water droplet via hydrogen 
bonds contributing to the emulsion stability. With increasing concentrations of SA to SL oleogels 
and oleogel emulsions, the firmness increased and the accelerated oil loss of the oleogel matrices 
decreased, increasing the overall physical stability. SA and SL had a synergistic effect on the 
stability of LOGE, as LOGE were found to be more stable (i.e. decreased oil loss, higher melting 
temperatures, and higher crystallization temperatures) when compared to LOG. Overall, the 
formulated LOG and LOGE are a novel strategy for the development of food grade water-in-oil 
systems.  
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Table 2-1 Formulations of oleogels (LOG) and oleogel emulsions (LOGE) with 20 wt% or 30 wt% 
oleogelators. LOGE contain 10 wt% or 20 wt% water. The LOG and LOGE are formulated with different 
soy lecithin: stearic acid (SL:SA) ratios 
 
Sample Total oleogelators 
wt% 
Water  
wt% 
Soy Lecithin  
wt% 
Stearic Acid  
wt% 
Canola Oil 
wt%  
 
LOG 20 0:10 20 1 0 20 79 
LOG 20 3:7 20 1 6 14 79 
LOG 20 5:5 20 1 10 10 79 
LOG 20 7:3 20 1 14 6 79 
LOG 20 10:0 20 1 20 0 79 
LOGE 20:10 0:10 20 10 0 18 72 
LOGE 20:10 3:7 20 10 5.4 12.6 72 
LOGE 20:10 5:5 20 10 9 9 72 
LOGE 20:10 7:3 20 10 12.6 5.4 72 
LOGE 20:20 0:10 20 20 0 16 64 
LOGE 20:20 3:7 20 20 4.8 11.2 64 
LOGE 20:20 5:5 20 20 8 8 64 
LOGE 20:20 7:3 20 20 11.2 4.8 64 
LOG 30 0:10 30 1 0 30 69 
LOG 30 3:7 30 1 9 21 69 
LOG 30 5:5 30 1 15 15 69 
LOG 30 7:3 30 1 21 9 69 
LOG 30 10:0 30 1 30 0 69 
LOGE 30:10 0:10 30 10 0 27 63 
LOGE 30:10 3:7 30 10 8.1 18.9 63 
LOGE 30:10 5:5 30 10 13.5 13.5 63 
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LOGE 30:10 7:3 30 10 18.9 8.1 63 
LOGE 30:20 0:10 30 20 0 24 56 
LOGE 30:20 3:7 30 20 7.2 16.8 56 
LOGE 30:20 5:5 30 20 12 12 56 
LOGE 30:20 7:3 30 20 16.8 7.2 56 
 
Figure 2-1 SAXD patterns of lecithin based oleogels (LOG) and lecithin-based oleogel emulsions 
(LOGE) with 30 wt% oleogelators. LOG with different soy lecithin: stearic acid (SL:SA) ratios (A); LOGE 
with 10 wt% (B) or 20 wt% (C) water. 
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Figure 2-2 d-values (Å) of lecithin based oleogels (LOG) (A) and oleogel emulsions (LOGE) with 10 
wt% (B) and 20 wt% (C) water as a function of stearic acid (SA) concentration (wt%). Each point represents 
the d value and SA concentration of a given LOG or LOGE. 
 
 
Figure 2-3 WAXD patterns of lecithin based oleogels (LOG) and lecithin-based oleogel emulsions 
(LOGE). LOG with different soy lecithin: stearic acid (SL:SA) ratios (A and B); LOGE with 10 wt% (C and 
D) or 20 wt% (E) water and different soy lecithin: stearic acid (SL:SA) ratios at 20⁰C. 
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Figure 2-4 Polarized Light Microscopy (PLM) images of lecithin-based oleogels (LOG) with 30 wt% 
oleogelators and a soy lecithin: stearic acid (SL:SA) ratio of 10:0 (A), 7:3 (B), 5:5 (C), 3:7 (D), and 0:10 (E). 
All images were taken at 40x magnification at 20⁰C. Arrows indicate tubular fibers formed by the 
agglomeration of SL worm-like inverted micelles. 
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Figure 2-5 Polarized Light Microscopy (PLM) images of lecithin-based oleogel emulsions (LOGE 
30:10) with 30 wt% oleogelators and 10 wt% water containing a soy lecithin: stearic (SL:SA) ratio of 7:3 (A), 
5:5 (B), 3:7 (C), and 0:10 (D). Images A-D were taken at 40x magnification at 20⁰C. Representative PLM 
image (E) of LOGE 30:10 5:5 depicting water droplets acquired at 20x magnification at 20⁰C.  
 
  
51 
 
 
 
 
Figure 2-6 DSC thermograms during heating (A) and cooling (B) of lecithin-based oleogels (LOG) with 30 
wt% oleogelators.  DSC thermograms during heating of oleogel emulsions (LOGE) with 30 wt% oleogelators 
and with 10 wt% and 20 wt% water (C and E, respectively). DSC thermograms during cooling of oleogel 
emulsions (LOGE) with 30 wt% oleogelators and 10 wt% and 20 wt% water (D and F, respectively) Inset (A) 
indicates the melting peak of LOG 10:0, whereas inset (B) indicates the crystallization peak of LOG 10:0. 
 
Table 2-2 Solid Fat Content of different formulations of lecithin-based oleogels (LOG) and oleogel 
emulsions (LOGE) with 20 wt% and 30 wt% oleogelators at 20°C. Different letters represent statistical 
differences between values across samples (p<0.05). 
Formula Solid Fat Content (%) 
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LOG 20 10:0 10.08a ± 0.34 
LOG 20 7:3 10.16a ± 0.08 
LOG 20 5:5 10.39a ± 0.11 
LOG 20 3:7 9.77a ± 0.34 
LOG 20 0:10 8.21b ± 0.48 
LOGE 20:10 7:3 6.90bcd ± 0.18 
LOGE 20:10 5:5 6.96bcd ± 0.71 
LOGE 20:10 3:7 6.05cd ±0.20 
LOGE 20:10 0:10 7.74b ± 0.57 
LOGE 20:20 7:3 4.40e ± 0.78 
LOGE 20:20 5:5 5.66de ± 0.39 
LOGE 20:20 3:7 6.67bcd ± 0.31 
LOGE 20:20 0:10 7.24bc ± 0.12 
LOG 30 10:0 17.93B ± 0.26 
LOG 30 7:3 21.27A ± 0.11 
LOG 30 5:5 17.01B ± 0.30 
LOG 30 3:7 16.46B ± 0.09 
LOG 30 0:10 13.24C ± 0.33 
LOGE 30:10 7:3 11.25DE± 0.12 
LOGE 30:10 5:5 13.07CD ±0.10 
LOGE 30:10 3:7 12.29CDE ± 0.51 
LOGE 30:10 0:10 11.19E ± 0.29 
LOGE 30:20 7:3 8.31F ± 0.62 
LOGE 30:20 5:5 8.24F ± 0.19 
LOGE 30:20 3:7 10.52E ± 0.04 
LOGE 30:20 0:10 11.23E ± 0.22 
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Figure 2-7 Hardness of lecithin-based oleogels (LOG) with 20 wt% oleogelators (A) and 30 wt% 
oleogelators (B). Oleogel emulsions (LOGE) with 20 wt% oleogelators (C) and 30 wt% oleogelators (D) with 
different soy lecithin: stearic acid (SL:SA) ratios. Different letters represent statistical differences between 
values within each group of samples.  
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Figure 2-8 Percent Accelerated Oil Loss (AOL) of lecithin-based oleogels (LOG) with 20 wt% 
oleogelators (A) and 30 wt% oleogelators (B). Oleogel emulsions (LOGE) with 20 wt% oleogelators (C) and 
30 wt% oleogelators (D) with different soy lecithin: stearic acid (SL:SA) ratios. Different letters represent 
statistical differences between values within each group of samples (i.e. LOGE 20, LOG 30, LOGE 20:10) 
(p<0.05). 
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Figure 2-9 Schematic of the structure of lecithin-based oleogels (LOG) and oleogel emulsions 
(LOGE). 
56 
 
 
 
Table 2-3 Small Angle X-Ray Diffraction d-spacings of lecithin-based oleogel (LOG) and oleogel  
emulsions (LOGE) with 30 wt% oleogelators and 10 wt% or 20 wt% water, with different soy lecithin: stearic 
acid (SL:SA) ratios. 
LOG 30 10:0 48.5 
LOG 30 7:3 39.4 50.4 
LOG 30 5:5 39.5 51.3 
LOG 30 3:7 39.2 57.6 
LOG 30 0:10 19.5 39.4  
LOGE 30:10 7:3 19.6 38.5 53.2 
LOGE 30:10 5:5 19.7 38.9 55.5 
LOGE 30:10 3:7 19.7 38.4 54.1 
LOGE 30:10 0:10 19.5 38.4  
LOGE 30:20 7:3 19.9 39.3 52.1 
LOGE 30:20 5:5 19.7 38.6 52.0 
LOGE 30:20 3:7 19.7 39.0 49.5 
Stearic Acid 19.7 38.7 
 
 
Table 2-4 Wide Angle X-Ray Diffraction d-spacings of lecithin-based oleogel (LOG) and oleogel 
emulsions (LOGE) with 30 wt% oleogelators and 10 wt% or 20 wt% water, with different soy lecithin: stearic 
acid (SL:SA) ratios. 
LOG 30 7:3 3.7 4.1 
LOG 30 5:5 3.7 4.1 
LOG 30 3:7 3.7 41 
LOGE 30:10 7:3 3.7 4.1 
LOGE 30:10 5:5 3.7 4.1 
LOGE 30:10 3:7 3.7 4.1 
LOGE 30:10 0:10 3.7 4.1 
LOGE 30:20 7:3 3.7 4.1 
LOGE 30:20 5:5 3.7 4.1 
LOGE 30:20 3:7 3.7 4.1 
Stearic Acid  3.7 4.1 
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Table 2-5 Melting point (Tm ), melting enthalpy (∆Hm ), crystallization temperature (Tc), and 
crystallization enthalpy (∆Hc) of lecithin-based oleogels (LOG) and oleogel emulsions (LOGE) with 20 wt% 
oleogelators and different soy lecithin: stearic acid (SL:SA) ratios. Different letters represent statistical 
differences between values across all samples (p<0.05). 
 
Formula Tm (°C) ∆Hm (J/g) Tc (°C) ∆Hc (J/g) 
LOG 20 10:0 62.40b±2.25 0.35h±0.25 26.38a±0.81 0.04g±0.03 
LOG 20 7:3 29.62g±4.57 8.60gh±0.70 11.59g±2.11 5.70fg±0.50 
LOG 20 5:5 35.20g±1.12 17.69efg±1.21 24.34f±0.59 14.00efg1.04 
LOG 20 3:7 41.39f±0.29 22.89de±1.78 29.33e±1.51 21.51cde±2.19 
LOG 20 0:10 52.31cd±0.57 41.89c±0.66 41.27bc±1.05 39.27b±0.53 
LOGE 20:10 7:3 45.56ef±0.65 12.13fg±0.97 21.73f±0.24 6.84fg±0.59 
LOGE 20:10 5:5 52.15cd±0.52 20.12ef±0.60 37.04cd±0.50 17.97def±1.00 
LOGE 20:10 3:7 55.78c±0.99 31.22d±2.14 43.32b±1.38 27.79bcde±1.81 
LOGE 20:10 0:10 46.94def±0.97 47.31bc±5.66 38.13cd±2.17 35.64bc±2.93 
LOGE 20:20 7:3 45.42ef±0.38 10.21fgh±0.34 23.13f±1.38 7.31fg±0.44 
LOGE 20:20 5:5 50.07cde±1.86 18.20efg±0.63 37.51cd±0.34 15.63ef±0.28 
LOGE 20:20 3:7 55.56c±1.13 27.42de0.38 44.98b±1.16 31.97bcd±11.43 
LOGE 20:20 0:10 45.76ef±0.65 55.84b±3.95 36.91d±0.36 37.58b±1.83 
Stearic Acid 70.34a±0.40 177.90a±7.65 63.68a±0.54 204.19a±7.48 
 
Table 2-6 Melting point (Tm ), melting enthalpy (∆Hm ), crystallization temperature (Tc), and 
crystallization enthalpy (∆Hc) lecithin-based oleogels (LOG) and oleogel emulsions (LOGE) with 30 wt% 
oleogelators with different ratios of soy lecithin and stearic acid. Different letters represent statistical 
differences between values across all samples (p<0.05). 
Formula Tm (°C) ∆Hm (J/g) Tc (°C) ∆Hc (J/g) 
LOG 30 10:0 61.48b±2.28 0.18g±0.01 55.30a±0.02 0.04h±0.01 
LOG 30 7:3 34.61g±1.45 11.34fg±1.45 15.52g±3.29 9.72gh±0.73 
LOG 30 5:5 35.62g±0.47 15.40ef±0.27 21.26g±0.35 13.83fgh±0.30 
LOG 30 3:7 41.65f±1.11 28.47d±1.50 28.10f±0.31 25.43defg±1.64 
LOG 30 0:10 60.86b±0.29 64.20b±0.24 52.30b±2.33 62.20b±1.18 
LOGE 30:10 7:3 50.36de±0.61 15.72ef±1.00 35.81e±4.05 14.51efgh0.61 
LOGE 30:10 5:5 53.80cd±0.25 28.54d±2.18 39.92de±1.03 25.48cdefg±0.99 
LOGE 30:10 3:7 59.19b±1.04 51.25c±4.70 50.13bc±1.23 45.75bcd±4.71 
LOGE 30:10 0:10 48.72e±0.47 52.42bc±1.79 42.06d±0.52 48.11bc±2.45 
LOGE 30:20 7:3 47.38e±1.25 13.20f±1.11 28.41f±1.22 10.36gh±0.89 
LOGE 30:20 5:5 57.45bc±2.09 25.71de±1.98 44.24cd±0.81 26.70cdefg±1.79 
LOGE 30:20 3:7 60.39b±1.09 34.64d±0.92 48.35bc±0.69 36.82cde±0.98 
LOGE 30:20 0:10 48.33e±0.32 55.32bc±4.50 41.50de±0.37 34.30cdef±20.49 
Stearic Acid 70.34a±0.40 177.90a±7.65 63.68a±0.54 204.19a±7.48 
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CHAPTER 3.    NOVEL LECITHIN-BASED OLEOGELS AND OLEOGEL 
EMULSIONS DELAY LIPID OXIDATION AND MAY PROTECT PROBIOTIC 
BACTERIA 
Novel Lecithin-based Oleogels and Olegoel Emulsions Delay Lipid Oxidation and May 
Protect Probiotic Bacteria 
Nicole Gaudinoa, Stephanie Clarka, Nuria Acevedoa* 
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Industrial Relevance Text 
In order to confer health benefits, probiotics must be present within a given food product 
at adequate amounts. Due to the acidic nature of yogurt, probiotic viability is limited within this 
product. Entrapment of probiotics within lecithin-based oleogel emulsions enhanced probiotic 
viability, while limiting lipid oxidation, demonstrating a potential to supplement yogurt with 
these novel ingredients to extend yogurt shelf life.  
Abstract 
Yogurt is the most commonly consumed source of probiotics; however, survival of 
beneficial probiotics is limited within this acidic matrix. One way to increase the viability of 
probiotics within a yogurt is supplementation with phospholipids (PL). PL have been shown to 
bind to probiotics and increase their viability, but PL are readily prone to oxidation, which 
hinders their use as probiotic protectants in dairy products. The objective of this study was to 
produce a semisolid soy lecithin: stearic acid (SL:SA) oleogel emulsion (LOGE), containing 
Lactobacillus acidophilus and Bifidobacterium lactis in the aqueous phase, with the aim to 
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improve their viability while decreasing PL oxidation. Probiotics were inoculated into LOGE 
with 20 wt% oleogelators (5:5 SL:SA) and 10 wt% water. LOGE were stored at 4°C aerobically, 
and plate counts were conducted for six weeks. The counts were compared to those of three 
controls: canola oil with water, De Man, Rogosa, and Sharpe broth (MRS) broth, and MRS broth 
supplemented with SL. Accelerated oxidative stability test of the LOGE were conducted through 
measurement of peroxide value (PV) after 5, 15, 30, 45, and 60 days storage at 20°C. The 
physical and microstructural characteristics of the LOGE delayed oxidation of the systems. 
Through slowly reducing the oxidation of PL and increasing the survival of probiotics, LOGE 
may show promise for incorporation into yogurt and other dairy products.   
 
Introduction 
Probiotics such as Lactobacillus acidophilus (L. acidophilus) and Bifidobacterium 
animalis lactis (B. lactis) are associated with a variety of health benefits and have been shown to 
enhance the immune system (Gill et al. 2001, Arunachalam et al. 2000, Lefevre et al. 2015), 
improve lactose utilization (Kolars et al. 1984, Pakdaman et al. 2016), stabilize the gut mucosal 
barrier (Saliminen et al. 1996, Nebot-Vivinus et al. 2014), and prevent diarrheal diseases (Arvola 
et al. 1999, Szajewska et al. 2001, Hickson et al. 2007, Lee et al. 2015), colon cancer (Reddy 
1998, Gamallat et al. 2016), and upper gastrointestinal tract diseases (Lambert and Hull 1996, 
Wang et al. 2015). To provide health benefits, probiotics must be consumed in high numbers and 
the cells should survive during shelf life and passage through acidic gastric fluids in order to 
reach the colon and exert their beneficial effects.  
Yogurt is one of the most common vehicles for the delivery of probiotics to consumers. 
According to the National Yogurt Association (NYA), a given yogurt must have 108 CFU/g of 
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cultures at the time of manufacture to obtain the NYA seal, while other studies have 
recommended the consumption of at least 100 g of yogurt containing 106 CFU/mL of probiotics 
(“Live & Active Culture Yogurt” 2006, Rybka and Kailasapathy 1995). However, studies have 
shown that not all yogurt products meet this criteria (Ibrahim and Carr 2006, Lourens-Hattignh 
and Viljoen, Shah et al. 2000). The loss of viability of probiotics can be attributed to the high 
acidity of yogurt, presence of dissolved oxygen, competition with starter cultures Streptococcus 
salivarius thermophilus and Lactobacillus delbrueckii bulgaricus, and temperature of inoculation 
(Lourens-Hattingh and Viljoen 2001). One strategy to protect probiotic viability within yogurt 
products is encapsulation, which has been shown to be effective, but costly (Rokka and 
Rantamaki 2010).  
Phospholipids (PL) constitute 0.8% of the total lipids in cow’s milk, with the majority, 
60-65%, present within the MFGM. It has been established that probiotics bind to PL, polar, 
amphiphilic lipids that are a major component of milk fat globule membranes (MFGM) 
(Huppertz 2009). Thesis work conducted by Cleveland (2011) indicated that L. acidophilus 
bound to PL, and showed a preference for PL derived from milk, compared to PL from other 
sources.  PL may enhance the viability of probiotics. Previous but yet to be published research 
conducted in our research group demonstrated that L. acidophilus and B. lactis exhibited higher 
counts in MRS broth or yogurt with supplemented PL. Procream, also known as whey protein 
phospholipid concentrate, was used to make yogurt with L. acidophilus and B. lactis. After 6 
weeks, it was found that the viability of the probiotics was increased in the yogurt with procream 
compared to control yogurt. However, the yogurt with procream exhibited oxidized off flavors, 
and thus, undesirable sensory attributes (data not published). Thus, it is clear that there is a need 
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to develop a new strategy that may allow the incorporation of PL into yogurt, in order to enhance 
probiotics viability, while preventing the progress of lipid oxidation.  
Organogelation, which is the process of creating an organic liquid immobilized through 
the formation of a three dimensional network, is a novel fat structuring technology that has 
received much attention during the last few years because of their potential applications in the 
cosmetic, pharmacological and food industries. It is important to note that food grade organogels 
are referred to as oleogels, and hereafter oleogels and organogels will be used depending on 
whether the formulation is food grade or not (Marangoni and Garti 2011). Gelators self-assemble 
to structure the oil through physical interactions, including hydrogen bonding, pi−pi stacking, 
electrostatic interactions, and van der Waals forces (Vintiloiu and Leroux, 2008). An important 
aspect of organogels is their thermoreversibility; they can undergo a solid to liquid phase 
transition multiple times without losing the ability to gel. Currently, there is a limited use of 
oleogels within the food industry, because of a lack of food grade gelators (Marangoni and Garti 
2011). 
Soy lecithin (SL) is a mixture of phospholipids, primarily phosphatidylcholine (PC) and 
phosphatidyletholamine (PE), and is a common emulsifier utilized in the food industry 
(Bueschelberger et al. 2015). With the addition of small amounts of water, lecithin can gel oil. 
Scartazzini and Luisi (1998) were the first to investigate lecithin oleogels and described the 
increase in viscosity of the gels with the addition of a critical amount of water. In a non-polar 
media, lecithin self-assembles into spherical reverse micelles (Shchipunov 2001). The addition 
of a small and critical amount of a polar solvent, most often water, induces uniaxial growth of 
the micelles into cylindrical shapes (Schipunov, 2001). Specifically, the water binds to the 
hydrophilic portion of the SL, forming a bridge between two SL molecules (Mujawar et al. 
62 
 
 
2014). These micelles overlap, forming a three-dimensional network composed of “worm-like” 
reverse micelles (Schipunov, 2001). These worm-like micelles have a radius of 2.0 to 2.5 nm and 
are hundreds to thousands of nanometers in length (Mujawar et al. 2014). More complex lecithin 
oleogels, containing a second molecule or another polar solvent, have been developed. 
Oleogelation of lecithin has been induced with polar solvents other than water, including 
Vitamin C (Hashizaki et al. 2012) and alpha-tocopherol (Nikiforidis and Scholten 2014). 
Lecithin oleogels are shear sensitive, and water concentrations above the critical micellar 
concentration may negatively impact gel stability (Bodennec et al. 2016). In general, lecithin 
oleogels have been classified as weak (Vintiloiu and Leroux 2008). Therefore, the development 
of a more stable phospholipid-based oleogel would be advantageous for use in the food industry.  
Most food products contain a high amount of water; therefore, the development of 
oleogel emulsions that can incorporate water and are stable in a water-based environment is 
needed. Oleogel emulsions are oleogels where both a water and oil phase are present. Oleogel 
emulsions have been developed with beeswax (Ogutcu et al. 2015), candelilla wax and 
monoglycerides (Toro-Vazquez et al. 2013), and shellac (Patel et al. 2013). In a previous study 
(Gaudino et al. 2018), it was demonstrated that physically stable and solid-like oleogel emulsions 
could be developed with SL in combination with SA, where both components exerted a 
synergistic effect to stabilize the emulsion.  
There has been some evidence to support that oleogelation can be utilized to delay lipid 
oxidation. Organogelation of hazelnut oil with beeswax and monoglyceride (Yilmaz and Ogutcu 
2014), olive oil with beeswax and sunflower wax (Yilmaz and Oguctu 2014), and pomegranate 
seed oil with carnauba wax and monoglyceride (Ogutcu and Yilmaz 2014) delayed oxidation. 
Tian et al. (2018) demonstrated that policosanol oleogels protected the photooxidaton and free-
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radical mediated reactions of retinyl palmitate through immobilization and reduction of 
molecular collisions.  
Few studies have analyzed the entrapment of probiotics within an organogel. In one 
study, Lactobacillus reuteri was entrapped within an organogel formulated with 3%, 5%, or 7% 
beeswax, hydrogenated rapeseed oil, and fumed silicon dioxide (Sonesson, 2013). The survival 
of L. reuteri was deemed acceptable after 14 days storage at 37°C, with approximately 108 CFU 
in 0.16 mL (Sonesson, 2013). A patent exists for for incorporation of probiotics into a fat 
continuous emulsion containing between 10-80 wt% fat and 0.01-10 wt% lecithin, however no 
peer-reviewed studies have reported lecithin organogels as a potential protective environment for 
probiotics (Garbolino and Sanders, 2009).  
The purpose of this research was two-fold. The first objective was to determine the 
ability of a soy lecithin-stearic acid oleogel emulsion (LOGE) to enhance the viability of 
probiotics. The second objective was to determine the ability of an oil structuring technology to 
prevent the progress of lipid oxidation. In particular, our study focused on determining the 
oxidative stability of soy lecithin-stearic acid oleogels (LOG) and oleogel emulsions (LOGE). 
We hypothesize that LOGE will delay lipid oxidation and extend the survival of probiotics for up 
to 6 weeks. 
Materials 
Pure canola oil (Crisco, J.M Smucker Company, Orrville, OH, USA) was purchased at a 
local grocery store. Granular soy lecithin was purchased from Acros Organics (Geel, Belgium), 
and stearic acid (95% FCC, FG) was obtained from SAFC (St. Louis, MO, USA). Glacial acetic 
acid, Isooctane, and potassium iodide were purchased from Fisher Scientific (Hampton, NH, 
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USA). HOWARU Bifido and HOWARU Dophilus were generously donated by Danisco 
(Danisco USA Inc, Madison, WI, USA). 
Methods 
Oleogels and oleogel emulsions preparation  
Lecithin-based oleogels (LOG) and oleogel emulsions (LOGE) were prepared using soy 
lecithin (SL) and stearic acid (SA) as gelators. LOG were formulated with 20 wt% and 30 wt% 
oleogelators, with incorporation of 1 wt% water. LOGE were formulated with 20 wt% and 30 
wt% oleogelators, with 10 wt% and 20 wt% water. The resulting ratios of SL:SA were 0:10, 3:7, 
5:5, 7:3, and 10:0.  
The appropriate amounts of SL and SA were dissolved in canola oil heated to 80°C while 
continuously stirring on a hot plate. Once dissolved, each mixture was placed in a water bath at 
55°C. Preheated water (55°C) was added to each LOG or LOGE once the mixture reached 55°C, 
and a clean and preheated UltraTurrax homogenizer was used to mix the LOG or emulsify the 
LOGE. Each mixture was homogenized at 20,500 rpm. The resulting LOG or LOGE were 
cooled and stored at 4°C. 
LOGE containing only soy lecithin did not form a gel and separated into two layers. 
These samples were not analyzed further.  
Preparation of samples for inoculation with probiotics 
To inoculate the samples, 0.2 g of Lactobacillus acidophilus (or Bifidobacterium lactis) 
were added to 10 mL of sterilized MRS broth and grown anaerobically for 48 hours at 37°C. 
Each sample was centrifuged at 10,000 X g at 4°C for 10 minutes. The supernatant was 
discarded, 10 mL of sterile water was added, and the tube was vortexed to disperse the pellet. 
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The sterile water containing the probiotics was transferred to 69 mL of sterile water. This process 
was repeated twice.  
Four treatments were conducted to test the viability of probiotics: canola oil (CO + W), 
MRS broth, MRS broth with soy lecithin added (MRS + SL), and LOGE 20:10 5:5, with a 
formula of 20 wt% oleogelators, 10 wt% water, and a 5:5 ratio of SL:SA. LOGE was chosen 
instead of LOG in order to incorporate an adequate amount of probiotics into the water phase 
(since one full log lower initial counts would be a limiting factor in LOG). Prior to inoculation, 
each treatment was preheated to 45°C in a water bath to prevent solidification of the oleogel 
emulsion. Once the probiotic-enriched water was added to each treatment, an UltraTurrax 
homogenizer was used to emulsify the mixture at 20,050 rpm for 10 seconds. Samples of each 
treatment (10 mL portions) were immediately poured into six sterile centrifuge tubes and stored 
at 4°C for the appropriate amount of time (up to 6 weeks).  
Determination of Microbial Viability 
For six consecutive weeks, serial dilutions were conducted and selective enumeration of 
L. acidophilus and B. lactis was carried out using a pour plate technique. L. acidophilus was 
incubated anaerobically on M17 agar (Oxoid, Hampshire, England) with 1% lactose at 37°C for 
48 hours. B.lactis was incubated anaerobically on LP MRS agar (MRS agar Becton, Dickinson 
and Company Dico, Sparks, MD) with lithium chloride (0.2% w/v) and sodium propionate (0.3% 
w/v) at 37°C for 48 hours. Anaerobic incubation was conducted using BD GasPak™ EZ 
Anaerobe Container Systems (Becton, Dickinson and Company, Franklin Lakes, NJ). 
Accelerated Oxidation Test 
LOG and LOGE were subjected to accelerated oxidation conditions. Canola oil (CO), 
canola oil with 10 wt% water (CO + W), canola oil with 10 wt% SL (CO SL 10), and canola oil 
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with 20 wt% SL (CO SL 20) were tested. To accelerate oxidation, 400 M of Ferrous Sulfate 
was added to each sample and the samples were stored in a dark incubator at 21°C to ensure 
oleogel structure formation over storage time.  Progress of oxidation in the samples was 
measured on days 0, 5, 15, 30, 45, and 60. All samples were replicated in triplicate.  
Peroxide value determination 
The oxidation of LOG and LOGE was determined through the AOCS Official Method 
Cd 8b-90 Peroxide Value (AOCS official method cd 8b-90., 2011). Briefly, 2-5 grams of each 
sample were dissolved in 3:2 (v:v) acetic acid-isooctane solution. The solution was reacted with 
0.5 mL saturated potassium iodide solution for 1 minute before 30 mL of distilled water was 
added. 0.5 mL of starch indicator was added. Afterwards, 0.5 mL of 10 wt% sodium dodecyl 
sulfate solution was added before titration with 0.01 M sodium thiosulfate. Average values and 
standard errors of triplicate replications are reported.  
Results and Discussion 
Microbial Viability  
Typical yogurt shelf life is 2 to 3 weeks, wherein the date on the carton is meant to 
indicate that counts of probiotics will be at least 106 to 108 CFU/mL on that day (Tamime and 
Robinson, 1999. Kailasapathy et al. 2008) The total counts of L. acidophilus and B. lactis, for up 
to 45 days, are depicted in Tables 3-2 and 3-3, respectively. After one week of storage in 
refrigerated conditions (day 7), mean total counts for B. lactis were higher than mean total counts 
of L. acidophilus.   The lower initial counts for L. acidophilus indicate that B. lactis survived the 
harsh homogenization process required to make oleogel emulsions better than L. acidophilus.  It 
has previously been shown that homogenization can decrease probiotic viability.  Ding and Shah 
(2009) analyzed the survival of probiotics encapsulated in calcium alginate beads under different 
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homogenization techniques. It was found that the probiotics decreased by 3.2 log (CFU/mL) 
after homogenization with an UltraTurrax at 1,300 rpm for 5 minutes, with L. acidophilus 
surviving better than other strains, including B. lactis. The authors concluded that L. acidophilus 
must be more resilient to shear stress compared to other strains of probiotics (Ding and Shah 
2009). This is not in agreement with the present results, and could be explained by the different 
levels of homogenization utilized by Ding and Shah (2009). The homogenization condition for 
the treatments in their study was 1,300 rpm for 5 minutes, compared to our 20,050 rpm for 10 
seconds. It appears that the higher shear rate conditions were more detrimental to the L. 
acidophilus. These findings indicate that B. lactis may be more suitable for the treatment 
conditions used in the present study than L. acidophilus, suggesting greater promise for use of B. 
lactis than L. acidophilus in follow-up work.   
For both L. acidophilus and B. lactis, the treatment exhibiting the highest plate count at 
the end of 42 days was MRS + SL, with 5.92 ± 0.11 and 6.55 ± 0.64 log (CFU/mL) respectively, 
which is less than 1 log decrease in counts from the start of the experiment (day 7). There was no 
significant difference in log (CFU/mL) of B. lactis grown in MRS + SL over the 42 days, though 
all other counts significant decreased during the period, demonstrating that B. lactis survival was 
enhanced by SL. In comparison, B. lactis grown in MRS decreased almost 3 logs (CFU/mL) over 
the 42-day period. While the presence of SL in the growing media enhanced the viability of B. 
lactis, this effect was not as apparent for L. acidophilus, since the counts of L. acidophilus grown 
in MRS + SL were not significantly different than counts grown in MRS. To better demonstrate 
the effect of SL on the viability of L. acidophilus and B. lactis, log CFU/mL obtained in MRS + 
SL was compared to the log (CFU/mL) in MRS, since MRS is the typical agar used for 
enumerating both L. acidophilus and B. lactis. Figure 3-1 A depicts the growth in MRS + SL 
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compared to MRS, as change in log count (∆log CFU/ml), where positive log values indicate that 
MRS + SL was a better growth medium for L. acidophilus or B. lactis. Throughout the 42 days, 
MRS + SL exhibited higher (positive) ∆log CFU/mL values than MRS for L. acidophilus and B. 
lactis. These findings support Donthidi et al. (2010), who found that Lactobacillus and 
Bifidobacterium species that were encapsulated in the presence of 0 to 4 wt% SL exhibited above 
6 log (CFU/mL) growth at 37°C for 2 weeks and at 23°C for 12 weeks. Additionally, the survival 
of Lactobacillus plantarum increased when cultured in MRS broth with 0.2 to 1 wt% SL, and 
had enhanced bile resistance for 20 hours (Hu et al. 2015). All of these results demonstrate that 
SL enhances probiotic viability for some probiotic bacteria. The ∆log (CFU/ml) values were 
higher with B. lactis than with L. acidophilus along the time scale. 
 
Counts of L. acidophilus and B. lactis were always lower in LOGE and CO + W than 
when grown in MRS or MRS + SL (Tables 3-2 and 3-3).  This is likely because MRS is the 
standard media for both of these microorganisms, and includes necessary growth factors. Since 
the homogenization step was used in the preparation of all treatments and controls, it is possible 
that recovery of injured cells was more possible in MRS and MRS + SL than without, due to the 
presence of nutrients, but recovery was not evaluated in the present study. In a study comparing 
the growth of Bifidobacterium breve in MRS broth supplemented with varying amounts of corn 
oil, it was found that an excessive amount of oil inhibited bacterial growth, as 5.3 mL of oil/L in 
MRS broth limited growth (Soto and Zuniga, 2010). The amount of oil in LOGE was 72 wt% 
and CO + W was 90 wt%, far more than what Soto and Zuniga (2010) found to inhibit growth. 
This could also explain the higher survival of probiotics in LOGE over CO + W, as CO + W has 
a significantly higher amount of oil than LOGE.  
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A second important comparison to make in probiotic viability is between the LOGE and 
CO + W treatments since CO + W was used as a control to evaluate the protective ability of 
LOGE.  CO + W consisted of a water in oil emulsion without the semi-solid structure provided 
by SL, whereas LOGE contained a well-defined network constituted by SA crystals as the 
primary structurant (Gaudino et al. 2018). Figure 3-1 B shows the viability of the bacteria in 
LOGE compared to CO + W.  
The mean initial count of B. lactis was greater than that of L. acidophilus in both LOGE 
and CO + W, as after 7 days the B. lactis had 6.64 ± 0.28 log (CFU/mL) and 6.68 ± 0.33 log 
(CFU/mL) survival in LOGE and CO + W, whereas L. acidophilus had 5.01 ± 0.13 log 
(CFU/mL) and 2.86 ± 0.07 log (CFU/mL), respectively. As noted with the MRS and MRS + SL 
treatments, the higher different in B. lactis counts can be partially attributed to the effect of 
homogenization on L. acidophilus. 
In comparison to CO + W, LOGE extended the viability of probiotics. Compared to CO + 
W, L. acidophilus in LOGE exhibited a 2 log (CFU/mL) higher survival on day 21 (where L. 
acidophilus died off in CO + W by this day). The viability of B. lactis in CO + W and LOGE 
within 1 log (CFU/mL) for 28 days (Figure 3-1). However, B. lactis died off by day 35 in CO + 
W. The log (CFU/mL) of L. acidophilus in LOGE was significantly higher than in CO + W, until 
L. acidophilus were nonviable (Table 3-2). There was no significant difference in log (CFU/mL) 
of B. lactis in LOGE and CO + W, however, B. lactis survived for seven days longer when 
inoculated in LOGE than in CO + W (Table 3-3). For example, B. lactis survived for 42 days in 
LOGE, whereas B. lactis survived for 28 days in CO + W (Table 3-3). Indeed, LOGE had higher 
(P < 0.05) log (CFU/mL) values than CO + W, until the probiotics exhibited no growth at days 
42 and 35, respectively. Since the primary difference between CO + W and LOGE is the 
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presence of a structure that entraps the oil, the results show L. acidophilus and B. lactis survived 
better when entrapped within LOGE compared to an unstructured system (CO + W).  
The enhanced viability of L. acidophilus and B. lactis entrapped within LOGE is 
meaningful, as it suggests that LOGE could potentially be included into a yogurt product to 
increase the probiotic load and extend shelf life.  However, more research must be done to 
confirm the protective effect of LOGE in a yogurt system. LOGE may physically protect 
probiotics from the acidic environment and competitive starter cultures and their by-products that 
can be detrimental to probiotics. LOGE could act as a physical barrier between the probiotics and 
the negative growth factors within the yogurt, thus enhancing their viability.  
Lipid Oxidation 
The results from the determination of the primary products of oxidation, indicated by 
peroxide value (PV) over storage time at 20°C, are shown in Figure 3-2. According to 
international standards, a PV of 10 meq/kg indicates that a bulk oil is oxidized (Codex 
Alimentarius 2001). Samples formulated with only SA (LOG 0:10) oxidized over storage time, 
reaching around 10 and 20 meq/kg after 45 days of storage for 20 wt% and 30 wt% SA, 
respectively (Figure 3-2 A, B).  The liquid emulsion CO + W was the sample that oxidized the 
fastest, reaching a maximum PV of 20 meq/kg after 30 days (Figure 3-2 A, B). The decrease in 
PV from day 30 to day 45 for CO + W is explained by of the primary products of oxidation into 
secondary products of oxidation, such as ketones and aldehydes (Barriuso et al. 2013). CO + W 
was used as the control, as liquid CO did not exhibit oxidation, nor did samples containing CO + 
SL. This is probably because emulsions, or samples with high amounts of water, oxidize faster 
than bulk oils (Coupland and McClements 1996). Emulsions have an interfacial region between 
the water phase and the oil phase, which increases the accessibility of the lipids to water soluble 
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prooxidants (Coupland and McClements, 1996). Surprisingly, samples containing SL did not 
exhibit lipid oxidation, with a PV of 0 meq/kg throughout storage(Figure 3-2 A, B). Only the 
LOG samples with a low concentration of organogelators and with the highest proportion of SA 
(LOG 3:7) showed a PV below 2 meq/kg after 60-day storage, as observed in Figure 3-2 A.  
The oxidation of the samples could be directly related to the structure of the system. CO 
+ W is not a structured system, and therefore there is no network to prevent or delay the progress 
of the oxidative reactions. LOG are structured by a fibrillar network, formed from the 
entanglement of lecithin reverse micelle fibers (Gaudino et al. 2018). Within this network of 
fibers, SA arranges into crystals (Gaudino et al. 2018). Samples with only SA (LOG 0:10) are 
structured through only through a SA crystalline network, as there is no fibrillar network 
(Gaudino et al. 2018). The physical structure of a network did delay oxidation, as samples with 
only SA (LOG 0:10) exhibited oxidation, but at lower levels compared to the unstructured CO + 
W system. However, the fibrillar system was more effective at delaying oxidation compared to 
the crystalline network; therefore, the prevention of oxidation can be attributed to the entrapment 
of the prooxidants within the reverse micelle fibers. Oleogels have been shown to limit the 
progress of radical-mediated reactions (Tian et al. 2017). Polycosanol oleogels with retinyl 
palmitate decreased the degradation of retinyl palmitate through immobilization via a crystalline 
network structure, which reduced the molecular collisions (Yixing et al. 2017).  
As with LOG, LOGE containing higher levels of SA oxidized during storage time, as 
shown in Figure 3-3. Compared to CO + W, the LOGE with only SA (LOGE 0:10) tended to be 
less oxidized independent of the SA concentration in the formulation. CO + W was used as the 
control, as LOGE formulated with only SL did not gel and separated into two layers.  LOGE 
with 20 wt% oleogelators and a SL:SA ratio of 3:7 oxidized, however LOGE with 30 wt% 
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oleogelators and a SL:SA ratio of 3:7 did not oxidize. This suggests that LOGE with lower levels 
of oleogelators are more susceptible to oxidation than LOGE with higher amounts of 
oleogelators, which suggests that higher levels of oleogelators are more efficient at delaying 
oxidation. LOGE with high concentrations of SL did not oxidize, again indicating that the 
structure of the sample was related to the level of oxidation.  
The structure of LOGE is different than that of LOG. LOGE is structured via a SA 
crystalline bilayer network, with lecithin reverse micellar fibers (Gaudino et al. 2018). The 
interaction of the SA crystalline network with that of the lecithin fibrillar network increases the 
stability of LOGE in comparison to LOG, as measured by thermal and mechanical properties 
(Gaudino et al. 2018). The presence of the lecithin fibrillar network contributes to the low levels 
of oxidation exhibited by LOGE with high levels of SL. The fibrillar network of SL appears to 
be more efficient at preventing oxidation compared to the crystalline network of SA, as seen with 
LOG.  
The restriction of oil mobility alone is not enough to explain the oxidation of LOG and 
LOGE. Lim et al. (2017) found a correlation between the hardness of oleogels and the peroxide 
value, with harder oleogels exhibiting lower peroxide values. This is not in agreement with the 
current results, as LOG and LOGE with high amounts of SA oxidized and were significantly 
harder (p < 0.05) than LOG and LOGE with lower levels of SA (Gaudino et al. 2018). The anti-
oxidative effect of the LOG and LOGE can be attributed to the physical entrapment of oil via the 
lecithin fibrillar network. Previous analysis of dioeotylphosphatidylcholine (DOPC) in soybean 
oil revealed that the assembly of DOPC into colloids had a pro-oxidative effect (Chen et al. 
2010). In a study analyzing the impact of free fatty acids (myristoleic, oleic, elaidic, linoleic, and 
eicosenoic) and PLs on lipid oxidation found that the reverse micelles of DOPC increased lipid 
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oxidation through the attraction of hydroperoxides and transition metals to the interface of the 
water and oil (Kittipongpittaya et al. 2014). Furthermore, the reduction of surface tension from 
DOPC could increase the diffusion of oxygen into the oil, thus increasing the lipid oxidation rate 
(Kittipongpittaya et al. 2014). Overall, it was concluded that the DOPC reverse micelles had 
little impact on the prooxidant nature of the free fatty acids, however the concentration of DOPC 
was vastly lower compared to the concentration of free fatty acids (Kittipongpittaya et al. 
2014).  The authors hypothesized that the free fatty acids did not interact with the reverse 
micelles, were able to catalyze lipid oxidation within the free oil, and thus the presence of DOPC 
did not affect the acceleration of oxidation. The key difference between the system described by 
(Kittipongpittaya et al. 2014) and LOG and LOGE is that DOPC was arranged in reverse 
micelles, but was not extended into a fibrillar network. Our study contradicts that of 
Kittipongpittaya et al. (2014), as the presence of a fibrillar SL network significantly reduced lipid 
oxidation in comparison to a system with only free fatty acids. The physical entrapment of oil by 
the reverse micelle fibrillar network in LOG and LOGE significantly reduces lipid oxidation, 
immobilizing the oil and thus preventing prooxidant molecules from coming into contact the 
bulk oil.  
 
Conclusion 
LOG and LOGE are solid-like matrices capable of delaying oxidation and sustaining 
probiotic survival compared to unstructured, homogenized canola oil and water. LOG and LOGE 
delayed oxidation through the formation of the lecithin fibrillary network, compared to an 
unstructured CO + W. No oxidation was detected in LOG and LOGE with high levels of SL, as 
the network of SL reverse micellar fibers may reduce the interactions between the bulk oil and 
the prooxidant. Additionally, SL increased the survival of L. acidophilus and B. lactis grown in 
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MRS broth for up to 42 days, indicating that the PLs present in SL may extend the viability of 
probiotics. Probiotics exhibited higher log (CFU/mL) compared in LOGE than in an unstructured 
CO + W, demonstrating that the physical structure of the SL fibrillary network increased the 
probiotic viability. Thus, LOGE may be a suitable matrix for further evaluation of probiotic 
viability in yogurt. Both LOG and LOGE may be suitable for future probiotic food applications 
as a protective matrix.  
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Table 3-1 Formulations of soy lecithin oleogels (LOG) and oleogel emulsions (LOGE) with 20 wt% or 
30 wt% oleogelators (soy lecithin (SL) or stearic acid (SA) of different SL:SA ratios). LOGE contain 10 wt% 
or 20 wt% water. All samples were prepared in triplicates. 
Sample Total oleogelators 
wt% 
Water  
wt% 
Soy Lecithin  
wt% 
Stearic Acid  
wt% 
Canola Oil 
wt%  
 
LOG 20 0:10 20 1 0 20 79 
LOG 20 3:7 20 1 6 14 79 
LOG 20 5:5 20 1 10 10 79 
LOG 20 7:3 20 1 14 6 79 
LOG 20 10:0 20 1 20 0 79 
LOGE 20:10 0:10 20 10 0 18 72 
LOGE 20:10 3:7 20 10 5.4 12.6 72 
LOGE 20:10 5:5 20 10 9 9 72 
LOGE 20:10 7:3 20 10 12.6 5.4 72 
LOGE 20:20 0:10 20 20 0 16 64 
LOGE 20:20 3:7 20 20 4.8 11.2 64 
LOGE 20:20 5:5 20 20 8 8 64 
LOGE 20:20 7:3 20 20 11.2 4.8 64 
LOG 30 0:10 30 1 0 30 69 
LOG 30 3:7 30 1 9 21 69 
LOG 30 5:5 30 1 15 15 69 
LOG 30 7:3 30 1 21 9 69 
LOG 30 10:0 30 1 30 0 69 
LOGE 30:10 0:10 30 10 0 27 63 
LOGE 30:10 3:7 30 10 8.1 18.9 63 
LOGE 30:10 5:5 30 10 13.5 13.5 63 
LOGE 30:10 7:3 30 10 18.9 8.1 63 
LOGE 30:20 0:10 30 20 0 24 56 
LOGE 30:20 3:7 30 20 7.2 16.8 56 
LOGE 30:20 5:5 30 20 12 12 56 
LOGE 30:20 7:3 30 20 16.8 7.2 56 
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Table 3-2 Mean total counts (log CFU/mL ± SEM) of Lactobacillus acidophilus in MRS broth, MRS 
broth with soy lecithin (MRS + SL), lecithin-based oleogel emulsion with 20 wt% oleogelators, 10 wt% water, 
and a 5:5 ratio of soy lecithin to stearic acid (LOGE 20:10 5:5), and canola oil with 10 wt% water (CO + W) 
(n = 4 replications). Different superscripts in a row indicate statistical significance (p<0.05), with an * 
indicating uncountable. 
Days MRS 
log (CFU/mL) 
MRS + SL 
log (CFU/mL) 
LOGE 20:10 5:5 
log (CFU/mL) 
CO + W 
log (CFU/mL) 
7 5.99a ± 0.27 6.30a ± 0.02 5.01ab ± 0.13 2.86cd ± 0.07 
14 6.18a ± 0.07 6.24a ± 0.03 3.61bc ± 0.42 0*f  
21 6.02a ± 0.08 6.22a ± 0.01 2.09de ± 0.75 0*f  
28 5.80a ± 0.15 6.05a ± 0.13 0*f  0*f  
35 5.51a ± 0.20 6.05a ± 0.08 0*f  0*f  
42 5.32a ± 0.20 5.92a ± 0.06 0*f  0*f  
 
 
Table 3-3 Mean total counts (log CFU/mL ± SEM) of Bifidobacterium lactis in MRS broth, MRS 
broth with soy lecithin (MRS + SL), lecithin-based oleogel emulsions with 20 wt% oleogelators, 10 wt% 
water, and a 5:5 ratio of soy lecithin to stearic acid (LOGE 20:10 5:5), and canola oil with 10 wt% water (CO 
+ W) (n = 4 replications). Different superscripts in a row indicate statistical significant (p < 0.05), with an * 
indicating uncountable. 
Days MRS 
log (CFU/mL) 
MRS + SL 
log (CFU/mL) 
LOGE 20:10 5:5 
log (CFU/mL) 
CO + W 
log (CFU/mL) 
7 7.08ab ± 0.36 7.23a ± 0.25 6.64ab ± 0.28 6.68ab ± 0.33 
14 6.86ab ± 0.46 7.08ab ± 0.26 5.96abc ± 0.28 5.78abc ± 0.49 
21 6.22abc ± 0.50 7.03ab ± 0.24 5.67abc ± 0.49 5.16abc ± 0.62 
28 5.80abc ± 0.51 6.87ab ± 0.32 5.18abc ± 0.58 4.87c ± 0.79 
35 5.10bc ± 0.34 6.71ab ± 0.37 4.34c ± 0.24 0*d  
42 4.25c ± 0.35 6.55ab ± 0.37 0*d  0*d  
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Figure 3-1 Difference (∆CFU/mL) in Bifidobacterium lactis (closed circles) and Lactobacillus 
acidophilus (open circles) between (A) MRS broth and MRS broth with added soy lecithin (MRS + SL) and 
(B) canola oil with water (CO + W) and lecithin-based oleogel emulsion (LOGE). All samples were prepared 
in quadruplets. 
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Figure 3-2 Peroxide Values (PV) of lecithin based oleogels (LOG) with 20 wt% oleogelators (A) and 
30 wt% oleogelators (B) with different soy lecithin: stearic acid (SL:SA) ratios. Canola oil with water is 
indicated by o, LOG 0:10 by , LOG 3:7 by , LOG 5:5 by X, LOG 7:3 by ˌ, LOG 10:0 by +. All samples 
were measured in triplicates. 
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Figure 3-3 Peroxide Values (PV) of lecithin based oleogel emulsions (LOGE) with 20 wt% 
oleogelators with 10 wt% water (A) and 20 wt% (B) and 30 wt% oleogelators with 10 wt% (C) and 20 wt% 
(D) water with different soy lecithin: stearic acid (SL:SA) ratios. .Canola oil with water is indicated by o, 
LOG 0:10 by , LOG 3:7 by , LOG 5:5 by X, LOG 7:3 by ˌ, LOG 10:0 by +. All samples were measured in 
triplicates. 
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CHAPTER 4.    OVERALL CONCLUSIONS & RECOMMENDATIONS  
FOR FUTURE RESEARCH 
 The overall goal of this research was to develop lecithin-based oleogels (LOG) and 
oleogel emulsions (LOGE) capable of increasing probiotic viability and delaying lipid oxidation. 
Soy lecithin (SL) oleogels are weak, and concentrations of water above the critical micelle 
concentration inhibit gelation. The LOG and LOGE were stabilized through the addition of 
stearic acid (SA), which increased the mechanical and physical properties and allowed for the 
inclusion of 10 wt% and 20 wt% water in LOGE. Through X-ray diffraction, it was determined 
that LOG and LOGE had different primary structures, which contributed to differences in 
mechanical and physical properties. LOG were primarily structured through the formation of 
reverse micelle fibers, and also contained SA bilayers. LOGE were structured primarily through 
the SA bilayers, but contained some reverse micelle fibers. The reverse micelle size was 
increased with the addition of SA, suggesting that SA interacts with the reverse micelles. At 
corresponding ratios of SL:SA, LOGE exhibited greater thermal and mechanical stability 
compared to LOG, as the melting point and hardness were higher and the accelerated oil loss was 
lower than that of LOG.  
The supplementation of SL, a source of phospholipids, enhanced probiotic viability. The 
addition of SL to MRS broth increased the survival of Lactobacillus acidophilus and 
Bifidobacterium lactis when compared to non-supplemented MRS broth. Notably, the 
entrapment of probiotics within LOGE enhanced the viability compared to an unstructured, 
canola oil system. Thus, LOGE is a possible system to enhance probiotics within a yogurt 
system. 
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Lipid oxidation was delayed with the gelation of oil using SL. Samples formulated 
without SL exhibited lipid oxidation, whereas LOGE with a high amount of SL did not oxidize. 
The difference in oxidation levels can be attributed to the overall structures of the systems. 
LOGE with SL contained reverse micellar fibers that, in tangent with SA bilayers, immobilized 
the oil. Samples with only SA did not contain these SL reverse micellar fibers, and thus the 
gelation of oil was not enough to delay lipid oxidation. Overall, LOGE is a system by which 
probiotic viability can be enhanced while delaying lipid oxidation.  
Recommendations for Future Research 
This study has found that LOGE can enhance probiotic viability while delaying lipid 
oxidation. Although the probiotic viability was extended in LOGE compared to CO + W, the 
probiotics did not survive as well as in the ideal system, MRS broth. Because only one 
formulation of LOGE was tested, it may be beneficial to investigate whether another formulation 
of LOGE would further enhance viability. Before the addition of LOGE into yogurt, the integrity 
of the LOGE system would need to be assessed. In order to enhance probiotic viability, the 
LOGE would have to maintain its structure within the yogurt. 
 In order to determine the effectiveness of LOGE to protect probiotics within a yogurt, 
yogurt must be supplemented with LOGE and the viability of probiotics must be quantified. It is 
hypothesized that the physical entrapment of the probiotics will shield them from the acidic 
environment of the yogurt and from metabolites of other yogurt bacteria, which influence 
probiotic survival. Sensory analysis should be conducted to determine whether differences exist 
between yogurt supplemented with LOGE and a control. Trained panel descriptive analysis 
would be most useful because it would characterize the properties of yogurt with and without 
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LOGE. This would give the exact characteristics that may be different between the yogurts, 
whether that be mouthfeel, yogurt flavor, or thickness.  
Gastrointestinal simulation should be conducted to establish whether LOGE can not only 
protect probiotics from the acidic yogurt environment, but also facilitate their survival through 
the gastrointestinal tract.  
 
 
 
 
 
